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ABSTRACT

Lithium-ion batteries (LIBs) provide great potential for electric vehicles, and
smart grids as future energy-storage devices. However, there are many challenges in the
development of the LIB industry, including low energy and power density of electrode
materials, poor rate performance, short cycle life of electrode materials, and safety issues
caused by the flammability of the conventional organic liquid electrolytes.
In this research, we were committed to using general approach to efficiently and
economically synthesize or modify LIB materials by stabilizing the interface between
electrode and electrolyte. Atomic layer deposition (ALD) method was used to coat metal
oxide thin films on commercial electrode materials, which assisted the electrodes to form
a beneficial interface layer and protected the active materials from organic liquid
electrolyte, improved the conductivity of the active material, and led to an improved
electrochemical performance of the material. The problem of uneven distribution of
polyvinylidene fluoride (PVDF) binder had been solved using an extremely simple heat
treatment method, which led to a stable and inorganic-riched solid electrolyte interphase
(SEI) layer that improved the specific capacities and capacity retentions of the anode
electrodes. A low liquid leakage ceramic polymer electrolyte (CPE) with high porosity,
thermal and electrochemical stability, and ionic conductivity was synthesized to solve the
safety issue of the uncontrolled growth of lithium dendrites in the conventional LIBs.
Ultra-thin ZrO2 films were coated on cathode particles by ALD to reduce the interfacial
resistance for all-solid-state battery, which improved lithium ions transport and
suppressed undesirable interfacial side reactions.
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SECTION

1. INTRODUCTION

1.1. DEVELOPMENT STATUS AND PROBLEMS OF LITHIUM-ION
BATTERIES
Lithium-ion batteries (LIBs) have an increasingly important role in human
activities. To date, LIBs are considered to be the most iconic, most promising, and life
changing energy storage media due to high energy and power density, long service life,
low self-discharge rate, and low maintenance cost as well as environmental benignity,
compared to other commercial batteries [1-3]. Even so, it is well known that LIB of a
mobile phone often experiences significant capacity decline after one- or two-years
operation, and LIBs have experienced multiple explosions or spontaneous combustion
accidents worldwide [4, 5]. Even though some of these accidents are related to battery
quality and user misoperation, these accidents still reflect that the intrinsic
electrochemical performance and safety issues of the LIB need to be improved and
resolved urgently.
A typical LIB consists of cathode and anode active materials coated on their
respective current collectors (aluminum foil for cathode current collector, and copper foil
for anode current collector) as electrodes, as well as an organic liquid electrolyte
containing lithium salt and a polymer membrane as separator (see Figure 1.1). During
charging, lithium-ions inside LIB migrate from the cathode electrode to the anode
electrode through the separator, while in the external circuit, the electrons move from the
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cathode electrode to the anode electrode. During discharging, electrons and lithium-ions
move in the opposite direction to that of the charge process.

Figure 1.1 Structure and working mechanism of LIB [6].

In such a LIB system, the breakdown of each component would cause
electrochemical performance of the entire LIB to deteriorate and even cause a safety
accident (Figure 1.2) [7]. At present, common cathode active materials are composed of
Li, O, and transition metal elements with different molar ratios, such as LiCoO2 (LCO),
LiMn2 O4 (LMO), LiNiMnCoO2 (NMC), LiNiCoAlO2 (NCA), etc. They generally have
the problem of transition metal dissolution or structural transformation during the charge
and discharge processes due to their high reactivity with the decomposition products of
the common commercial organic liquid electrolyte, which would lead to the failure of the
cathode active materials, thereby cause the capacity fade and shorter cycle life [8-10].
For the anode materials, graphite electrode currently used commercially has
crucial safety issues, although it has a relatively high theoretical capacity of 372 mAh g-1.
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Another common commercial anode material, Li4Ti5Oi2 (LTO), has a negligible volume
change during the charge and discharge processes and excellent cycling stability.
However, the theoretical capacity of this material is relatively low, only 175 mAh g-1. In
addition, many metal oxide anode active materials have been extensively studied, such as
TiO2 , SnO2, and ZnO. The theoretical capacities of these anode materials are relatively
high, but their volume expansion is significant, which results in poor capacity retentions
and low specific capacities [11, 12].
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Figure 1.2 Failure mechanisms in LIBs [7].

The electrolyte and the separator are placed between the anode and cathode
electrodes, and they need to have high lithium ionic conductivity and electronic
insulation. In a common commercial LIB with LCO as the cathode and graphite as the
anode, the added non-aqueous carbonate-based organic liquid electrolyte of 1M
LiPF6/ethylene carbonate (EC):ethyl methyl carbonate (EMC) has potential safety issues.
The flash point of this electrolyte is only 28 °C, which is the main reason for the fire and
explosion of commercial LIB [13]. On the other hand, typical polymer separator (e.g.,
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polypropylene (PP)/polyethylene (PE)/PP tri-layer film) is not strong enough and could
be poked through by lithium dendrites, formed during charge and discharge processes,
resulting in a short circuit in the battery, thereby causing a series of safety problems.
Also, commercial polymer separators have poor thermal stability, which would result in
shrink at high temperatures and, thus, causing internal short circuits in the LIB [14].

1.2. COMMON STRATEGIES TO IMPROVE THE ELECTROCHEMICAL
PERFORMANCE OF LITHIUM-ION BATTERIES
In the past few decades, researchers have worked hard to solve the problems of
the components of LIB mentioned above. For example, synthesizing high performance
cathode and anode electrode materials, designing complex nanostructures of electrodes,
surface modification on the cathode and anode materials, developing a non-flammable
solvent or directly synthesizing an inorganic solid electrolyte, and adding nanosized
ceramic materials to separators [15-17]. Taking corresponding measures to solve the
problems of the material in a targeted manner can effectively improve the
electrochemical performance of LIB materials.
1.2.1. Cathode Materials. The existing common commercial cathode materials
are listed in Figure 1.3. LCO is a traditional cathode material for commercial LIBs, which
has a specific capacity of ~ 150 mAh g-1. Although LCO has been widely used in LIBs,
the high cost and toxicity, due to the use of cobalt, hinders its use in LIB electrodes in a
larger scale. LMO is another commercial cathode material for LIBs. Manganese is less
expensive and more environmentally friendly than cobalt. In general, LMO exhibits
better rate capability and thermal stability than LCO. LiFePO4 (LFP) also has been used
commercially due to its characteristics of long cycle life, high rate capability, high
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thermal and chemical stability, low cost, and environmental benignity. Regrettably, the
electronic and ionic conductivities of LFP are low, which limit the electrochemical
performance of LFP.

Figure 1.3 Main characteristics of commercial LIBs [18].

NMC and NCA have attracted much interest in the past few years and have been
used as the cathode electrode material in LIBs for electric vehicles due to their high
specific capacities and power/energy densities. However, they are faced the challenge of
capacity fading, caused by the dissolution of Mn, Co, and Ni transition metal elements
during the charge and discharge processes [18]. Surface modification is a common
method for improving the electrochemical performance of electrode materials, which is
mainly divided into three types: wet chemical routes (e.g., sol-gel, and
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hydro/solvothermal), chemical polymerization routes, and deposition techniques (e.g.,
sputtering, chemcial vaopr deposition, and atomic layer deposition). For wet chemical
routes, they usually have simple and economical one-pot procedure, and element doping
could be achieved through this process. However, their disadvantages are obvious; the
obtained coating films are relatively thick and not uniform, so they cannot evenly cover
the surface of the substrate and could not provide good physical protection (see Figure
1.4a) [19]. For chemical polymerization routes, it can improve surface electronic
conductivity effectively, but the obtained coating film is also non-uniform on the
substrate surface and, thus, reduce the thermal stability of the substrate materials (see
Figure 1.4b as one example) [20]. For deposition techniques, they can obtain a uniform
coating on the substrate surface and the thickness of the film could be well controllable in
micro/nano scale (see Figure 1.4c as one example) [21]. However, these deposition
techniques have a challenge of high cost, which makes them difficult for
commercialization.
1.2.2.

Anode Materials. In response to problems of anode material mentioned in

Section 1.1, researchers have used various synthesis processes and combined materials
with different characteristics to achieve novel nanostructures to alleviate the failure of the
active material, due to the significant volume changes during charging and discharging.
For instance, SnO2 has been considered as one of the most promising anodes due to its
high energy density and environmental friendness. However, its large volume change
during charge/discharge cycling will result in a fast capacity degradation. Researchers
used hydrothermal and ultrasonication methods to combine conductive carbon material
and SnO2 and synthesized a honeycomb-like SnO2 @C composites (see Figure 1.5) [22].
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Figure 1.4 Transimission electron microscopy (TEM) images and cycling performance of
(a) LaMnO3 coated layered Li-rich Li1.2Mn0.54Ni0.13Co0.13O2 cathode by using carbonate
co-precipitation method [19], (b) Li3VO4 -polypyrrol (PPy) coated LiNi0.6Co0.2Mn0.2 O2
samples by using sol-gel and in-situ chemical polymerization methods [20], and (c) FeOx
coated LiMn1.5Ni0.5O4 particle by using atomic layer deposition method [21].

Such an anode material has a specific surface area of 237.1 m2 g"1 and delivered a
specific capacity of 928.9 mAh g"1 at a current density of 100 mA g"1with good cycling
stability. The improvement of the electrochemical performance of this anode material
was attributed to enough space provided by the hollow SnO2 @C nanosphere structure to
endure the volume expansion of SnO2 during lithium-ions uptake and release.
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MnO is another promising anode material that has the problem of huge volume
change. Zhe et al. prepared MnO@C hierarchical structure by a direct carbonization
method using Mn- BTC (BTC is 1,3,5-benzenetricarboxylic acid) metal organic
framework, the resulting anode material exhibited excellent discharge capacity at a
current rate of 5 C (see Figure 1.6) [23]. The porous carbon matrix filled with MnO
nanoparticles suppressed its volume expansion during the lithiation process, and the
hierarchically assembled microsphere offered a quick transmission channel for the
transport of lithium-ions and electrons. The synthesis of the above-mentioned novel
structure is indeed an effective method to improve the electrochemical performance of
the anode materials with large volume change. The nanostructure can not only increase
the specific capacity, but also suppress the volume expansion during the lithium-ions
insertion/extraction. However, such a synthesis process is very complicated and requires
harsh synthesis conditions [24, 25], so it is still far for industrial production and practical
applications.

Cycle Number

Figure 1.5 Schematic illustration, scanning electron microscopy (SEM) images, and
cycling performance of honeycomb-inspired SnO2@C nanospheres embedded in carbon
film structure [22].

Coulombic efficiency (%)
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Figure 1.6 Schematic illustration, SEM images of MnO@C microspheres and cycling
performance and coulombic efficiency of MnO@C microspheres at 5C [23].

The methods applied for the surface modification of the anode materials are the
same as those of the cathode materials that are mentioned in Section 1.2.1, and they have
the same characteristics of coating layers. As shown in Figure 1.7, combining different
anode materials as substrates with various coating materials would lead to different
degrees of enhancement of electrochemical performance [26-28].
1.2.3.

Electrolytes. Flame-retardant additives have been developed for

conventional organic liquid electrolyte. These additives can reduce the flammability of
conventional organic liquid electrolytes, such as various phosphates (e.g., trimethyl
phosphate (TMP), dimethyl methyl phosphite (DMMP), dimethyl (2-methoxyethoxy)
methyl phosphonate (DMMEMP), cresyl diphenyl phosphate (CDP), and tris(2,2,2trifluoroethyl) phosphite), fluorides (e.g., fluoroethylene carbonate (FEC), methylnonafluorobutyl ether (MFE), and di-(2,2,2 trifluoroethyl) carbonate (DFDEC)), and
ionic liquids (e.g., imidazolium, phosphonium, piperidinium, and pyrrolidinium) [29].
Tomonobu et al. reported that adding phosphazene-based flame retardant to a
conventional electrolyte improved flame resistance of the electrolyte (see Figure 1.8)
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[30]. Although these flame retardant additives can effectively alleviate the safety issue
that is caused by the flammability of the conventional liquid electrolytes, these flame
retardant additives generally have low lithium ionic conductivity due to their high
viscosity and poor solubility of lithium salts.
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Figure 1.7 TEM images and cycling performance of (a) Ag coated layered Li-rich
Li4Ti5O12 cathode by using a sol-gel-assisted hydrothermal method [26], (b) polypyrrol
(PPy) coated a-MoO3 nanobelts by using in situ polymerization methods [27], and (c)
ZrO2 coated Li4 Ti5O12 electrode by using atomic layer deposition method [28].
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Adding these flame retardant additives would lead to poor compatibility of the
interface between electrolytes and electrodes, resulting in unstable charge/discharge
cycling performance of batteries. Economically, these flame retardant additives are much
more expensive than the conventional liquid electrolytes [29].

Figure 1.8 Burning test of conventional electrolyte (left) and phosphazene-based flame
retardant added conventional electrolyte (right) under the same condition. [30]

In addition to the strategy of adding flame retardants, solid state electrolyte is
considered an ultimate solution to solve the safety issues of conventional liquid
electrolytes. Inorganic solid state electrolytes can achieve a higher ionic conductivity (see
Figure 1.9), and usually have a wider operating temperature and voltage range [31].
However, they have poor mechanical properties, which are detrimental to the production
of batteries. Many types of inorganic solid state electrolytes have the same drawback as
the conventional liquid electrolytes, which are unstable in air and especially sensitive to
moisture. On the other hand, polymer electrolytes, with a matrix of poly(vinylidene
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fluoride) (PVDF), poly(ethylene oxide) (PEO), poly(vinylidene fluoride-cohexafluoropropylene) (PVDF-HFP), or poly(methyl methacrylate) (PMMA), have good
mechanical properties. However, they generally have low thermal and electrochemical
stability, which makes them unable to work under high temperature and voltage
conditions [32]. Researchers found that combining these polymers with these inorganic
solid electrolytes could help solve the problems. This could not only retain the higher
lithium ionic conductivity of inorganic electrolytes, but also obtain better mechanical
properties (see Figure 1.10) [33]. However, these solid electrolytes still have the problem
of poor interface compatibility. Therefore, for this potential solid electrolyte, reducing the
interface resistance, while retaining the advantages of polymer electrolyte and inorganic
electrolyte, is one of the main challenges to be overcome.
1.2.4.

Separators. In a typical LIB system, the primary function of separator is to

separate the anode and the cathode electrode. The separator is also a medium for
transporting lithium-ions during charging and discharging. A separator with excellent
mechanical and electrochemical properties would lead to high performance and durability
of LIBs. An ideal separator should meet some general requirements, as listed in Table 1.1
[34]. High mechanical stability and chemical/electrochemical stability offer the separator
a long life span. Good wettability and proper porous properties of the separator ensure
sufficient infiltration of liquid electrolyte, which is important for efficient lithium-ion
transport. In addition, the separator needs to have a slight thermal shrinkage performance
at high temperatures and have a reasonable shutdown mechanism, which is very
important to the safety of LIB [35].

13

Figure 1.9 Reported ionic conductivities of solid-state lithium-ion conductors at room
temperature [31].

Figure 1.10 Digital photographs of polyimide-Li6 .75La3Zr 1.75Ta0 .25 O12/PVDF (PILLZTO/PVDF) electrolyte and illustration of solid-state pouch Li metal cell showing
different working conditions [33].

At present, commercial separators for LIBs are primarily stretch membranes,
which are made of polyethylene (PE), polypropylene (PP), and their combinations.
However, their poor thermal stability could cause internal short circuit and even lead to
explosion of LIBs. In order to overcome these drawbacks of commercial separators,
researchers have tried various approaches. Forming nonwoven composite separator could
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reach high porosity, excellent thermal properties, and good chemical resistance. On the
other hand, adding proper content of ceramic particles could enhance the thermal stability
and wettability of separator.

Table 1.1 General requirements for separators used in lithium-ion batteries [34].
P ara m e ter
C h em ical an d electro ch em ical stabilities
M ech an ical p ro p e rty
W e tta b ility
T h ick n ess
P o re size
P o ro sity
P erm ea b ility (g u rle y )
D im en sio n al stab ility
T h erm al stab ility
S h u td o w n

R eq u irem en t
Stable fo r a lo n g p erio d o f tim e
> 1 ,0 0 0 kg cm -1 (98.06 M Pa)
W e t o u t qu ick ly and co m p letely
2 0 -2 5 pm
<1 pm
4 0 -6 0 %
< 0.025 s p m -1
N o curl up and lay flat
< 5 % shrinkage after 60 m in at 90 °C
E ffectiv ely sh u t d o w n th e b attery at elevated
tem p eratu res

Figure 1.11 Schematic depiction of combining process, SEM images of materials, and
results of rate capability tests for cells with Celgard 2400 separtor and the composite
nonwoven separator (CNS) [36].
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Cho et al. [36] developed a polyacrylonitrile (PAN) nano-fiber nonwoven and
ceramic containing polyolefin nonwoven by a two-step wet laid method (see Figure
1.11). The obtained composite nonwoven separator exhibited a better capacity retention
and rate capability than that of Celgard 2400 commercial separator. However, the
mechanical properties of the composite nonwoven separator were not as good as Celgard
2400. The main challenge of forming a separator is how to solve the trade off between
mechanical and electrochemical properties.
1.2.5. Challenges Still Facing. In the past few decades, researchers have spared
no effort to develop different methods to improve the relative properties of each
component in a typical LIB system. Some of these methods are effective and single
targeted, such as synthesizing complex structures with larger surface areas to obtain
higher specific capacities, but this method could not lead to stable cycling performance.
Some surface coating approaches usually can only solve some of the problems, such as
inhibiting the dissolution of transition metal elements and suppressing the volume change
during the charge and discharge processes, but it cannot enhance the specific capacity of
the substrate materials. In addition, some improving methods have high equipment
requirements and harsh reaction conditions, which always mean higher costs and
complicated operations, so these methods are difficult for commercialization. Therefore,
it is necessary to develop a method that can effectively and comprehensively improve the
electrochemical performance of materials, while having a relatively simple operation and
significant potential for large-scale production applications.
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1.3. OUR STRATEGIES TO ENHANCE THE ELECTROCHEMICAL
PERFORMANCE OF LITHIUM-ION BATTERIES BY IMPROVING THE
INTERFACE OF ELECTRODE/ELECTROLYTE
In my research, I focus the spotlight on the interface between the electrolyte and
electrode, and try to improve the properties of electrode and electrolyte materials. During
charging and discharging of LIBs, liquid electrolyte would undergo decomposition
reactions, and the reaction products would gather on the surface of anode electrode to
form a Solid Electrolyte Interphase (SEI) layer. The stability of this layer determines the
electrochemical performance of the anode electrodes. On the other hand, from the aspect
of electrolyte, more stable solid-state electrolytes can be synthesized, and the interface
between the electrode and electrolytes can be stabilized to obtain an excellent
electrochemical performance.
During my PhD research and study, following four projects were conducted in
order to improve the electrochemical performance of LIB: 1) performing surface
modification of anode active material to enhance its conductivity and form a uniform SEI
layer at the interface of electrode/electrolyte during charge and discharge processes; 2)
heat-treating fabricated electrodes to improve the distribution of the binder in the
electrodes, thereby optimizing the porosity of the electrodes and stabilizing the formation
of SEI layers at the interface of electrode/electrolyte; 3) synthesizing solid-state
electrolyte with high mechanical properties, and good thermal and electrochemical
stability to suppress the formation of lithium dendrites and to stabilize the interface of
electrode/electrolyte during Li stripping and plating; and 4) conducting surface
modification on cathode active material particles to improve lithium ions transport and
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suppress undesirable side reactions at the interface of cathode and all-solid-state
electrolyte.
1.3.1.

Improving The Interface Of Electrode/Electrolyte By Coating

Conducitive Thin Films On Anode Particles Using Atomic Layer Deposition.
Lithium titanate oxide (Li4 Ti5O12, LTO) is an anode material with a long cycle life,
because it exhibits an extremely stable structure during lithium-ion deintercalation, but its
theoretical capacity is low (175 mAh g-1) in a typical working potential range of 1.0 - 3.0
V. Expanding the voltage range to 0.1 - 3.0 V would achieve a higher capacity, but at the
same time it will lose the advantage of structural stability. Therefore, we use atomic layer
deposition (ALD) to synthesize Al-doped ZnO (AZO) thin films by depositing Al2 O3 and
ZnO thin films layer by layer on the surface of LTO particles. To achieve a high
conductivity of AZO films, the deposition temperature and the ratio of the number of
AhO 3 ALD cycles to that of ZnO ALD cycles were optimized. Among all AZO-coated
LTO samples, 250-10AZO (nine cycles of ZnO ALD followed by one cycle of AhO3
ALD at a deposition temperature of 250 °C) showed the best performance. The AZO film
with high conductivity not only improved the conductivity of LTO, but also assisted LTO
in forming a beneficial SEI layer to prevent LTO from being continuously attacked by
electrolyte during charging and discharging. The electrochemical performance of LTO
was greatly improved, not only at room temperature but also at a high temperature of 55
°C. In addition to excellent electrochemical performance at a low current rate of 1 C (1 C
= 175 mA g"1), LTO coated with AZO also performed very stable at higher current rates
of 2 C and 5 C.
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1.3.2. Improving The Interface Of Electrode/Electrolyte By Optimizing
The Distribution Of Binder Material In Electrode Using Heat Treatment. Fabricated
electrodes usually have the problem of uneven distribution of binder (e.g., PVDF),
because when active material, conductive material, and binder are mixed with organic
solvent in proportion, the prepared slurry would be coated on a current collector and then
heated until the solvent is completely volatilized. In this process, since the density of the
PVDF binder (ppvdf = 1.78 g cm-3) is usually lower than the density of active material, so
it will be suspended in the upper layer of the slurry, meaning that more binder will be
kept on the surface of the dried electrode. The distribution of PVDF binder plays a crucial
role in the formation of a SEI layer on the anode electrode surface. In this study, we
found that a heat treatment of anode electrode at 250 °C, above the melting point of
PVDF (177 °C), could make PVDF completely reach a molten state and diffuse away
from the electrode surface, due to the effects of gravity, capillary action, and surface
tension, thus making it evenly distributed in the electrode. Besides, the composition and
formation of SEI layer were improved, which resulted in less lithium-ion loss during the
repeated formation and dissolution of the unstable SEI layer. The anode electrodes of
three different materials (i.e., LTO, TiO2, and graphite) were treated, showing that the
improvement of composition and morphology of SEI layer resulted in different degrees
of improvement in capacity for different anode materials.
1.3.3. Improving The Interface Of Electrode/Electrolyte By Synthesizing
Stable Ceramic Polymer Electrolyte. One of the main reasons of the LIB safety issues
is the leakage of flammable liquid organic electrolyte. Microporous polymer electrolytes
(MPEs) obtained by blending PVDF and PEO polymers have high porosity and good
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affinity with liquid electrolytes and can be used as low liquid leakage electrolyte. At
the same time, this MPE also has very good mechanical properties and ion transport
channels. In addition, adding nanosized ceramic filler particles can improve the
wettability and thermal stability of the MPEs. In this study, a ceramic polymer electrolyte
(CPE) composed of PVDF, PEO, and y-AhO3 was synthesized, which can reduce the
leakage of liquid organic electrolyte, suppress the formation of lithium dendrites during a
long-term cycling test at 0.1 mA cm-2, and improve the coulombic efficiency of the
LFP/Li and LFP/LTO batteries.
1.3.4.

Improving The Interface Of Electrode/All-Solid-State Electrolyte By

Surface Modification On Cathode Particles Using Atomic Layer Deposition.
Interfacial chemical reactions between electrode and solid-state electrolyte, and the
resulting high interfacial resistance are detrimental for the performance of solid-state
batteries. In this study, a Li1.5Al0 .5Ge1.5(PO4)3 -based all-solid-state electrolyte (ASSE)
was synthesized by a simple solution-casting method, and LFP powders was coated with
ultra-thin ZrO2 films via ALD. All-solid-state battery assembled from the ZrO2 -coated
LFP cathode particles and ASSE exhibited better cyling stability than that of the battery
with pristine LFP cathode. The ZrO2 coating not only enhanced the transport of lithium
ions by reducing the activation energies for charge-transfer and increasing the diffusion
of lithium ions, but also decreased the interfacical resistance by suppressing undesirable
side reactions between the cathode and ASSE.
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ABSTRACT

Rechargeable lithium-ion batteries (LIBs) have drawn extensive attention due to
their excellent properties, such as high energy and power densities, long-term service life,
and acceptable cost, which are widely used as energy storage devices in electric vehicles
and other smart devices. The electrochemical performance of the materials in the LIB
system determines the performance of the battery, so it is essential to improve the
electrochemical properties of these materials. Atomic layer deposition (ALD) is a
promising method of surface functionalization that can deposit a highly uniform layer
with the nanoscale thickness on a substrate, which can be applied to improve the
electrochemical performance of materials for operating in a LIB system. In this review,
the recent achievements and the improvement mechanisms of ALD modified anodes,
cathodes, solid electrolyte materials, and separators for LIB application are summarized.
In addition, the values of ALD in LIB applications and the challenges it faces in the
future are discussed.
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1. INTRODUCTION

Lithium-ion batteries (LIBs) have attracted considerable attention as the most
popular power source for a wide range of electric vehicles and other emerging smart grids
because of their substantial advantages, including high energy density, long service time,
low internal resistance, and minimal memory effects [1-4]. In the context of such
demand, LIBs will become one of the significant electric energy storage devices in the
future; therefore, the production and application in a large-scale of LIBs will become a
critical development orientation. Apart from improving the energy/ power densities and
cycle life, it is also urgent to solve the fundamental safety issue of LIBs.
In a typical LIB system, it contains cathode and anode electrodes (consisting of the active
material, conductive material, binder material, and current collector), separator, and
electrolyte. At this stage, the LIB related materials from laboratory research and
commercial related are not perfect. Problems with any one single component would lead
to the failure of the entire battery (Figure 1). For the cathode materials of LIBs, they
usually face the following problems leading to their failure: the side reaction with
electrolyte, particle cracking, dissolution of transition metal ions, and structural
disordering during lithium-ion insertion and extraction. For anode materials, they usually
have problems of significant irreversible loss of lithium ions caused by the formation of
unstable solid electrolyte interface (SEI) layer, and the pulverization of the anode
particles due to the large volume change during the lithium insertion and extraction [5].
In particular, lithium metal anodes also have potential safety hazards caused by the
uncontrolled growth of Li dendrites. With respect to the electrolyte, currently used
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commercial liquid electrolytes often suffer from inadequate electrochemical and
thermal stability and, thus, poor safety. Although solid-state electrolytes have received
great attention in recent years due to their potential to solve the safety issues of traditional
liquid electrolytes, they also have problems with poor electrolyte/electrode interfacial
contact and limited mechanical properties [6]. Moreover, for most of the commercial
separators in LIB, they have poor thermal stability and large interfacial resistance due to
poor wettability with liquid electrolyte, and poor mechanical properties that make it hard
to resist internal short circuits caused by the growth of Li dendrites [7].

Figure 1. Degradation mechanisms in LIBs.
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In the previous studies on improving the electrochemical performance of
materials in the LIB system, researchers have spared no effort to synthesize the more
innovative materials and build many magical nanostructures to achieve higher capacity
by sol-gel and hydrothermal methods [8-10], and also used surface various coating
techniques to enhance the electrochemical stability of active materials and
separators/electrolytes [11-13]. Common surface coating methods, such as pulsed laser
deposition, chemical vapor deposition, and radio-frequency magnetron sputtering, have
been widely used, and the coating materials are diverse, including carbon coating [14, 15]
and various metal oxides (e.g., AhO3, [16, 17] ZnO, [18, 19] CeO2 , [20, 21] ZrO2, [22,
23] and FeOx [24, 25] ) coating. Among all kinds of coating methods, atomic layer
deposition (ALD) is a nanotechnology that can deposit a layer of a specific composition
on a substrate uniformly. The thickness of the coating layer can be controlled at atomic
scale due to its characteristics of self-limiting and sequentially self-termination surface
reactions, which makes it a popular technique for surface coating [26, 27]. Take AhO3
ALD using trimethylaluminum (TMA) and H 2 O precursors as an example, in which the
schematic of a typical AhO3 ALD is shown in Figure 2, the reaction sequences of AhO3
ALD with TMA and H2 O precursors are described below [26, 28, 29]:
(A) AlOH* + Al(CH3) 3 ^ AlOAl(CH3) 2* + CH4

(1)

(B) AICH3* + H20 ^ AlOH* + CH4

(2)

where the asterisk (*) denotes a surface species.
The development of ALD, as it is known today, began around half a century ago
[30]. Its applications encompass a wide range of fields, such as the energy conversion
industry, energy storage industry, semiconductor industry, and medical and biological
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industry [31, 32]. Several review papers about the applications of ALD have been
published. In 2012, Marichy et al.[33] published a review paper for ALD application in
energy and environmental fields, and summarized the results of ALD applications in
areas such as catalysis, batteries, sensors, photovoltaics, and thermoelectric materials.
The same year, Meng et al.[34] put a spotlight on the application of ALD for LIBs; they
reviewed the results of battery materials synthesized by ALD and electrode materials
modified by ALD on the surface with different materials.

Figure 2. Schematic diagram of AhO 3 ALD using TMA and H 2 O as precursors.

Accordingly, the application of this effective method in the field of LIB has been
extensively studied in the past decade, not only the synthesis and modification of cathode
and anode active materials and electrolyte but also the surface coating of the separators to
improve their porosity and subsequently obtain better wettability. Generally, the coating
layer produced by ALD for surface modification is ultra-thin (< 10 nm), with an attempt
to make sure that the coating layer would not change the electrochemical performances of
the electrode material used as the substrate. In other words, the coating layer would not
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participate in or change the main electrochemical reactions for the charging and
discharging process of the LIB. The coating material would be selected and synthesized
according to an expected effect. Various precursors of ALD can realize the combination
of different elements, and the thickness of the coating films can be controlled at the sub
nanometer scale, which makes ALD irreplaceable in the field of LIB surface
modification. The combination of different substrate materials and various coating
materials has different improvement mechanisms of electrochemical performance and
subsequently exhibit various degrees of improvement. In this review, the recent
achievements and the improvement mechanisms of ALD modified cathodes, anodes,
solid electrolytes, and separators for LIB application are discussed. The positive effects
of various ALD coatings on the application of LIBs will be highlighted in parallel to
pertinent examples chosen from the literature and the improvement mechanism of these
ALD coatings are summarized. In addition, the values of ALD in LIB applications and
the challenges it faces in the future are explored.

2. ALD COATING ON CATHODE

At present, common cathode materials are composed of Li, O, and transition
metal elements in various molecular proportions, such as LiCoO2 (LCO), which is widely
used in smart devices, as well as LiFePO4 (LFP), LiMmO4 (LMO), LiMn1.5Ni0.5O4
(LMNO), LiNi1/3Co1/3Mn1/3O2 (NMC), and LiNi0.8Co0.15Al0.05O2 (NCA) materials used in
batteries for electric vehicles and other devices. Some of these materials have the serious
defects that will cause deterioration of their electrochemical performance: side reactions
with the electrolyte, dissolution of transition metal elements, and transformation and
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pulverization of structure. To alleviate the above problems, researchers have
successfully combined cathode materials with ALD technology and obtained satisfactory
results. Table 1 lists the relevant parameters of the ALD process for coating on the
surface of various cathode materials and the electrochemical performance of the
optimized cathode materials in the past ten years. In general, the positive effects of ALD
coating on cathode materials are considered to be the following: (1) preventing the direct
contact of electrode and electrolyte and subsequently suppress the side reactions, (2)
inhibiting the dissolution of transition metal ions, (3) holding the structure from
transformation and pulverization, and (4) enhancing the conductivity. In the following
sections, the positive effects of ALD coating on cathode materials will be discussed one
by one.

Table 1. ALD coatings on LIB cathode materials.
Sub strate

ALD
coatin g

O ptim um
th ick n ess

Tem p.

2010

LiCoO2 particles
and electrodes

Al2O3

~ 2.2 nm

180 °C

2010

LiCoO2 electrodes

Al2O3

2-3 nm

120 °C

2011

LiMn2 O4 electrodes

Al2O3

~ 2 nm

120 °C

2011

Li[Ni1/3Mn1/3Co1/3]
O2 particles

Al2O3

~ 1.2 nm

-

2012

LiCoO2 electrodes

Al2O3
and TiO2

2 ~ 3 nm

120 °C

Enhanced cycle performance

[39]

2012

LiMn2 O4 particles

ZrO2

1.74 nm

120 °C

Higher specific capacity and better
rate performance at 55 °C

[40]

2013

Li1.2Ni0.13Mn0.54Co0.
1 3 O2 powder

Al2O3

2 ~ 3 nm

150 °C

82% capacity retention at 50 cycles.

[41]

2013

LiMn2O4 particles

ZrO2

~ 1.2 nm

120 °C

initial discharge capacity of 136.0
mAh/g at 1 C and 112.7 mAh/g at 5
C at 55 °C

[22]

Al2O3

~ 1.2 nm

90 °C

Better capacity retention

[42]

Al2O3

0.5 ~ 1.5
nm

120 °C

Al2O3

~ 2 nm

180 °C

Y ear

2014
2015
2015

LiNi0 .5 Mn 1 .5 O4
electrodes
LiNi0.5Mn0.3Co0.2O2
electrodes
LiNi0 .5 Mn 1 .5 O4
powders

P erform an ce

98% capacity retention after 200
cycles
Better electrochemical stability for
50 cycles
Delivered 42.9 mAh g-1 after 100
cycles
Up to 140 mAh g-1 with 91%
capacity retention after 100 cycles

Better capacity retention after 100
cycles
98.0% capacity retention after 150
cycles

R ef.

[35]
[36]
[37]
[38]

[43]
[44]
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Table 1. ALD coatings on LIB cathode materials. (cont.)
2015

2016
2016
2016

2016

2016
2017
2017

LiMn2O4 particles
LiMn2O4 grown on
carbon fiber
electrodes
Li1 .2 Ni0 .2 Mn0 .6 O2
powders
LiNi0 .5 Co0 .2 Mn0 .3 O2
electrodes
LiNi0 .7 7 Mn0 .1 1 Co0 . 1 2
O2 and
LiNi0 .7 9 Co0 .1 6 Al0 .0 5 O
2 powders
LiMn1 .5 Ni0 .5 O4
particles
LiMn1.5Ni0.5O4
particles
LiNi0 .5 Mn 1 .5 O4
electrodes

CeO2

~3 nm

250 °C

The extraordinary capacity retention
of ~ 95% after 1000 cycles at both
room temperature and 55 °C

[45]

Al2O3

10 cycles

175 °C

Better capacity retention after 500
cycles

[46]

Al2O3

~ 3 nm

150 °C

Al2O3

4 cycles

180 °C

Al2O3
and TiO2

-

-

FeOx

~ 3 nm

450 °C

CeO2

~ 3 nm

250 °C

AlPO4

~ 1 nm

250 °C

2017

Li 1 .2 Mn0 .5 4 Ni0 .nCo0 .
13O2 powders

AlPO4

5 cycles

250 °C

2017

LiMn2O4 particles

CeO2

~ 3 nm

250 °C

2018

LiMn2 O4 powders

Al2O3

1.3 A

200 °C

2018

Li 1 .2 Mn0 .5 4 Ni0 .nCo0 .
1 4 O2 particles

CeO2

~2.5 nm

250 °C

2018

LiFePO4 particles

TiN

~ 0.17 nm

400 °C

Al2O3

-

-

Al2O3

2 nm

120 °C

2019
2019

2019

2019
2019
2019
2019
2020
2020

Li 1 .3 3 Ni0 .2 7 Co0 .nMn0
.6 0 O2 +d particles
LiNi0 .8 Co0 .1Mn0 .1 O2
particles
LiNi0 .6 Co0 .2 Mn0 .2 O2
and
LiNi0 .8 Co0 .1 5 Al0 .0 5 O2
powders
LiNi0 .7 7 Mn0 .1 1 Co0 . 1 2
O2 powders
LiNi0 .6 Co0 .2 Mn0 .2 O2
electrodes
Li 1 .2 Mn0 .5 4 Ni0 .nCo0 .
1 4 O2 electrodes
Li 1 .1 3 Mn0 .5 4 Ni0 .nCo0
1 4 O2 particles
LiMn1.5Ni0.5O4
particles
LiMn1.5Ni0.5O4
powders

Better capacity retention after 40
cycles
75.5 % capacity retention after 100
cycles
Better capacity retention after 300
cycles
~93% and ~91% capacity retentions
at room temperature and 55 °C after
1,000 cycles
97.4% capacity retention after 1000
cycles at 55 °C within 3.5 V -5.0 V
Better cycling stability
The initial coulombic efficiency was
significantly improved and better
thermal stability
High cycling stability over 1000
cycles
Improved capacity at 0.5 C for 200
cycles
Better capacity retention after 400
cycles at 55 °C
~ 89% capacity retention after 1000
cycles
Better capacity retention after 100
cycles
Up to 157.2 mAh g-1 after 100
cycles
More beneficial electrolyte additive
LiPO2 F2 generated

Al2O3

Al2O3
Al2O3

< 1.3 nm

110 °C

AlF3

-

100 °C

FeOx

-

450 °C

FeOx

-

450 °C

LiF

~2 nm

220 °C

Improved cycling stability and
decreased initial capacity loss
Significantly improved capacity
retention and better interface
stability
84% capacity retention after 200
cycles
86.1% capacity retention after 500
cycles at 55 °C
73% capacity retention after 100
cycles at 55 °C
90 ± 3% coulombic efficiency of the
first cycle and better rate capability

[47]
[48]

[49]

[50]
[51]
[52]
[53]
[54]

[55]
[21]
[56]
[57]
[58]

[59]

[60]
[61]
[62]
[25]
[63]
[64]
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2.1. SUPPRESSING SIDE REACTIONS WITH ELECTROLYTE

Figure 3. (a) Cycling performances and coulombic efficiency of bare LMNO and 10
cycles AlPO4 coated LMNO over 350 cycles of charge and discharge at 0.5 C. (b) DSC
profiles of bare LMNO and 10 cycles AlPO4 coated LMNO cells charged at 5 V. (a-b
reprinted from Ref. [52] )

It is well known that LiPF6, as a common commercial electrolyte solution,
autocatalytically decomposes into LiF and PF 5, and PF 5 is easily hydrolyzed to form HF
and PF3 O. These products have high reactivity with cathode materials, which accelerates
the consumption of the electrolyte and has a negative impact on the performance of the
electrodes [65, 66]. This degradation mechanism is the origin of the latter two
degradations. Generally, when the coating reaches a certain thickness, researchers could
directly observe the ALD coating layer on the active material powders or electrodes
through electron microscopes. Furthermore, researchers can confirm from the
electrochemical performance of samples with optimal coatings and other characterization
results, such as X-ray photoelectron spectroscopy (XPS) and x-ray diffraction (XRD) that
the materials were indeed successfully coated. The thickness of the coating film directly
determines the role of ALD coating on the electrochemical performance of the substrate
materials. In a study by Deng et al. [52], LMNO electrodes were coated with AlPO4
ultrathin film by using the ALD method; 10 ALD cycles of AlPO4 coating on LMNO
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sample (named as AlP-10) reached an optimal coating condition with a coating
thickness of ~ 1 nm. During the charge and discharge cycling test within 3.5 - 5.0 V, the
AlP-10 sample demonstrated high capacity retention of 74.9% after 350 cycles at 0.5 C
(Figure 3a); the capacity showed a significant drop when the number of AlPO4 ALD
cycles increased to 20 cycles, which can be attributed to the increased electrical
resistance by insulating AlPO4 coating layer. In order to explore the improvement
mechanism of AlPO4 ALD coating, researchers performed differential scanning
calorimetry (DSC) tests of bare LMNO and AlP-10 electrodes in charge state at 5.0 V;
the results indicated that the main exothermic peak of the AlP-10 sample (225.2 °C) was
shifted, compared to the bare LMNO electrode (217.6 °C) (Figure 3b). It is well known
that the exothermic side reactions between the cathode electrode and the electrolyte are
severe at a charge state with high voltage. The coating of AlPO4 reduced the thermal
effect of the LNMO electrodes, indicating that the AlPO4 layer stabilized the interface
between the electrode and the electrolyte, and suppressed the related exothermic side
reactions. In the past, in a typical literature on electrode materials coated with ALD thin
films, no researchers have reported other more intuitive results about the ALD coating
that can inhibit the side reactions. Most studies have reached the above conclusion by
observing the subsequent related phenomena of side reactions, such as the structural
changes and the dissolution of transition metal ions that we will discuss next.

2.2. SUPPRESSING THE TRANSITION METAL DISSOLUTION
The transition metal reduction and subsequent dissolution into the electrolyte are
believed as the main reason for the capacity fade of most transition metal-based cathode
materials, especially at a high voltage of >4.0 V [67, 68]. The transition metal ions in
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these materials dissolve into the electrolyte and accumulate on the anode, where they
trigger irreversible side reactions, leading to a dramatic increase in impedance and poor
cycling performance [69, 70].

Figure 4. (a) Charge and discharge profiles of pristine and cycled NMC811 half-cells
during the first cycle. EELS spectra are showing the comparison of (b, c) O-K edge and
L2,3 white lines of (d, e) Ni, and (f, g) Mn at the particle surface (black) and interior
(colored) for NMC811 cathode without (b, d, and f) and with (c, e, and g) AhO3 ALD
coating after cycling. (h) Cycling performance of HE-NCM/Graphite full cells with the
uncoated and Al2 O3 -coated HE-NCM electrodes. (i) ICP-MS results obtained from
cycled HE-NCM/graphite full cells with the uncoated and Al2 O3 -coated HE-NCM
electrodes (b-j reprinted from Ref. [60], and h-i reprinted from Ref. [57]).

As summarized in Table 1, there are a variety of materials that were coated on
transition metal-based materials using ALD and are considered to effectively inhibit the
dissolution of transition metal ions [21, 52, 62]. Among them, AhO3 is undoubtedly the
most studied coating material. To verify the hypothesis that AhO3 ALD films can inhibit
the dissolution of transition metals, David et al. [60] reported less loss of lithium ions in
AhO3 ALD coated LiNi0 .8Mn0 .1Co0 .1O2 (NMC811) sample (Figure 4a); the electron
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energy loss spectroscopy (EELS) results of pristine and AI2 O3 ALD coated NMC811
samples after charge and discharge cycling tests were compared (Figures 4b-4g), and
they found that the oxidation state of Ni, Mn, and Co at the surface decreased and the
surface of cathode reached an Mn-rich after cycling (Figure 4f); with the aspect of AEO3
coated NMC811, the relative peal intensities for the transition metals remained constant
at the surface and in the interior, suggesting that AEO3 coating prevented the formation
of an Mn-rich surface (Figure 4g) and protected the electrode during the cycling.
In addition to EELS, x-ray absorption near-edge structure (XANES) spectra were
also applied to demonstrate the above conclusion. Moreover, interestingly, Jurng et al.
[57] reported AhO 3 -coated high energy Li1.33Ni0.27Co0.13Mn0.60O2+d (HE-NCM) delivered
a higher capacity retention than that of the uncoated sample after 100 cycles of charge
and discharge (Figure 4h). They disassembled the cycled and equilibrated HE-NCM
cells. The electrodes and other parts of cells were dissolved in 2% HNO3 solution, and
then the extracted solution and collected electrolyte were tested the metal concentrations
of Ni, Mn, and Co by using inductively coupled plasma mass spectrometry (ICP-MS).
They obtained the clear results for quantification of metal dissolution, which provided
insight into the source of poor cycling stability of the HE-NCM/graphite full cells. They
found that the cells with Al2 O3 ALD coated HE-NCM electrode exhibited a much lower
concentration of transition metals than that of the uncoated electrode based on the results
of ICP-MS (Figure 4i). For the transition-metal-based electrode materials, especially
nickel cobalt manganese oxides, which are used as commercial cathode materials for
electric vehicles. Their electrochemical stability, safety, and life span have high
requirements for industrial production, and the thin films with nanosized thickness
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achieved by ALD method have the ability to enhance these related properties by
inhibiting the dissolution of transition metals.

2.3. SUPPRESSING THE TRANSFORMATION AND PULVERIZATION OF
STRUCTURE

Figure 5. (a) Cycling performance of the uncoated and the 40 cycle ALD AhO 3 -coated
LMR samples. Both samples were cycled between 2.0 and 4.7 V vs. Li+/Li at a rate of 20
mA g"1. Lattice images from different particle surfaces in the STEM-HAADF image of a
particle without (b, c) and with (d) 40 cycles of AhO3 ALD coating layer (a-d reprinted
from Ref. [47]).

The insertion/extraction of Li+ ions will result in the disordering of the crystal
lattice, leading to the phase transition of active materials. On the other hand, the
insertion/extraction of Li+ and phase transition lead to changes in the molar volume of the
active materials, which may cause mechanical stress and strain to the electrode, resulting
the pulverization of the bulk structure of active material, furthermore and, thus, reducing
the capacity retention [71]. In order to protect the structure of the active material to
ensure its stable electrochemical performance, the suppression of structural change is also
one of the protection mechanisms in the process of Li+ deintercalation [47, 60, 72]. Kim
et al. [72] compared the synchrotron x-ray diffraction (SR-XRD) and Reitveld refinement
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results of the bare NMC and AI2 O3 ALD coated NMC electrodes. They found that the
diffraction peak of bare and cycled electrode exhibited great asymmetry in contrast, the
AhO3 coated electrode retained the surface characteristics and crystal structure of NMC
after cycling. In addition, Li and Mn rich Li1.2Ni0.2Mn0.6O2 (LMR) also has the problem
of the lattice structural instability, featuring a gradual layered structure to spinel-like
phase transformation, which is initiated from the particle surface and propagates toward
to the interior of the particle [73]. In the research of Yan et al., the 4 cycles AhO3 coating
with a thickness of ~ 3 nm effectively alleviated this problem of LMR and delivered a
prompting cycling performance (Figure 5a). By comparing the high-resolution scanning
transmission electron microscopy - high angle annular dark field (STEM-HAADF)
images from uncoated and ALO3 ALD coated LMR particle at the cycled condition
(Figures 5b-5d), it can be seen that the AEO3 ALD coated sample exhibited a disordered
surface formed after ALD coating, which was maintained after 40 cycles of charge and
discharge (Figure 5d); in contrast, the uncoated sample showed a surface reconstruction
layer (SRL, the layer to spinel-like phase transformation, which was initiated from the
particle surface) formed after 40 charge and discharge cycles (Figures 5b, 5c), which is
different from the clean surface before the cycling [47]. Likewise, Mohanty et al. [49]
pointed out that the AhO3 ALD coating stabilized the particle surface of NCM811 from
pulverization and cracking during the lithium intercalation/de-intercalation process; for
uncoated NCM811, the particles showed corroded surfaces and cracks. These
transmission electron microscopy (TEM) images in above-mentioned articles clearly
illustrated that the protective effects of ALO3 ALD coating film by suppressing the
transformation and pulverization of structure.
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2.4. ENHANCING CONDUCTIVITY

Figure 6. (a) Discharge capacities of LMNO particles coated with different ALD cycles
of iron oxide at a 1 C rate between 3.5-5 V. (b) Cross-sectional TEM image of one
LMNO particle with 160 cycles of iron oxide ALD and (c) Fe element mapping of the
cross-sectioned surface by EDS (a-c reprinted from Ref. [50]). (d) Cyclic performance of
UC, A20Fe, A40Fe, and A100Fe at 55 °C. (e) High-resolution TEM image of an A150Fe
particle, and (f, g, and h) FFT patterns from the region F, and G denoted in (e) (c-g
reprinted from Ref. [25]).

The above three points can basically solve the common problems of cathode
materials. However, coating insulating materials can improve the cycling stability, but
cannot increase conductivity to obtain higher specific capacity. Therefore, in previous
studies by Patel and Gao et al. [21, 45, 51], they reported that CeO2, a coating material
with high electric conductivity, can be used as a coating material for ALD, which
improves the conductivity of the substrate materials, thereby achieving higher specific
capacities and rate performance. Moreover, iron oxide ALD coating can also achieve this
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effect by synergy surface coating and near surface doping by one-step ALD [50]. In
the study of Patel et al., after performing 30 cycles of ALD iron oxide by using ferrocene
and oxygen as the precursors on LMNO particles at 450 °C, the discharge capacity and
the capacity retention of LMNO at room temperature was significantly improved (Figure
6a); similar results were observed for cycling performance at 55 C . The excellent
performance was attributed to the synergetic effect of ultrathin film (~ 0.6 nm) coating of
iron oxide combined with Fe ionic doping in the lattice structure of LMNO particles [50].
The coating of iron oxide films on LMNO particles can be directly observed by TEM.
The doping of Fe near the surface of LMNO particles was verified by cross-sectional
energy dispersive x-ray spectroscopy (EDS) mapping and line scan of ALD iron oxide
coated samples, as shown in Figure 6b and 6c. In addition to iron oxide, we also found
that simultaneous coating and doping by one-step ALD can be realized by the sidereactions between the excessive TiCU precursor vapor of TiN ALD and LFP particles at
400 °C during the ALD coating process [56]. According to the above two studies, we
found that the doping effect of the coating material is closely related to the thickness of
coating layer and temperature. Therefore, we heat-treated the ALD coated materials to
achieve active doping. In Gao’s research, Li-rich layered Li 1.13Mn0.54Ni0.13Co0.14O2
(LRNMC, uncoated sample was named as UC in Figure 6d) particles were coated with
20, 40, and 100 ALD cycles of FeOx followed by annealing at 700 °C (A20Fe, A40Fe,
and A100Fe in Figure 6d), which results in a stable Fe-doped spinel phase on the surface
of particles and subsequently improved the cycling stability of LRNMC. Structural
change after annealing was explored by TEM, the Fast Fourier Transform (FFT) pattern
(Figures 6f, 6g, and 6h) generated from Figure 6e indicates that the surface spinel coating
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was formed and completely epitaxially grown on the inner LRNMC lattice [25]. These
works reported that the synergetic effect of thin-film coating and doping on the cathode
particles, the obtained samples with higher conductivity could achieve higher specific
capacity and rate performance, and such advantages are still obvious at the high
temperature of 55 °C. This method can achieve ultra-thin coating and doping more
simply and conveniently. Then, after we confirmed that the doping can be successfully
achieved by ALD coating and followed by heat treatment, we combined the
characteristics of different materials to achieve the coating and doping. Gao et al. realized
20 cycles of ZrO2 ALD and heat treatment on NMC811 to obtain a Zr-doped NMC811,
which was then coated with 4 cycles of AhO3 ALD on the surface of the Zr-doped
NMC811. This modification not only improves the conductivity of NMC811 and obtains
a better rate capability, but also improved the cycling stability of NMC811.

2.5. OTHER BENEFITS
In addition, researchers have focused on the reactions between the AhO3 coating
layer and the electrolyte. Hall et al. [59] tested that the pouch cells with LiPO2F2
contained electrolyte delivered a better cycling performance. They confirmed that
LiPO2F2 was a beneficial additive in the electrolyte. By comparing the 19F and 31P
solution nuclear magnetic resonance (NMR) spectra of electrolyte + AhO3 particles
stored at different temperatures and electrolyte + LiPO2F2 as a reference, the reaction of
AhO3 and LiPF6 to form LiPO2F2 was identified. Furthermore, comparing the NMR
results of the electrolyte obtained from the pouch bags with uncoated and AhO3 coated
LiNi0.6Mn0.2 Co0.2 O2 (NMC622) and NCA material, which clearly exhibits that more
LiPO2F2 presented in the electrolytes in which the AhO3 coated active materials were

37

soaked. This is an indication that AI2 O3 ALD films can improve the electrochemical
performance of the LIBs by reacting with the electrolyte and generating beneficial
electrolyte additives.

Figure 7. (a) Normalized discharge capacity and AV for NMC532/graphite pouch cells
cycled between 3.0-4.3 V at C/3 and 40 °C. A slow C/20 cycle was performed every 50
cycles. Cells contained organic liquid electrolyte and 0% LiPO2F2 (blue) or 1% LiPO2F2
(red). (b)19F NMR spectra of electrolyte solutions that were sealed in pouch bags with
NMC622 or NCA material in a 2:1 solution to material ratio and stored for 14 d at 40 °C.
Insets show expanded views of the PO2F 2- region (a-b reprinted from Ref. [59]).

In this section, we summarized the effects of ALD coating on the cathode
materials. The direct contact between cathode materials with electrolytes will cause a
series of side reactions, which may lead to the performance degradation of cathode
electrodes, thus proper surface modification of the cathode materials was conducted for
improvement in electrochemical performance. The research on the combination of ALD
and cathode materials is relatively extensive and comprehensive. The improvement of
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cathode material performance through ALD coating is mainly through interface
protection, which prevents direct contact between the electrode and the electrolyte,
thereby inhibiting the occurrence of a series of side reactions. Materials studied for
surface modification include various metal oxides, phosphates and fluorides. These
materials can be used as a physical protective layer or HF scavenger, thereby greatly
improving cycling stability. Deng et al. proved that the AlPO4 layer on LMNO can
stabilize the interface between the electrode and the electrolyte and suppress the related
exothermic side reactions; AhO3 ALD on NMC811 has been shown to have the ability to
enhance these electrochemical properties by inhibiting the dissolution of transition metals
and inhibiting structural changes. In addition to using ALD coatings to improve the
interface stability between the cathode material and the electrolyte, ALD and certain
post-treatments are also used to achieve elemental doping, thereby improving the
electrochemical properties of the material itself, which is also a promising application
direction for ALD.
From the works summarized in this section, we can know that different coating
materials improve the electrochemical performance of cathode materials in different
aspects, and these same coatings also have their own defects. For example, AhO3 has
excellent electrochemical stability and can be applied to the surface of most materials.
However, its insulating properties make it hinder the Li+ diffusion process with low rate
performance and initial capacity of certain materials. Therefore, compared with
traditional wet chemical processes (such as sol-gel processes for surface modification),
ALD provides a very uniform surface coverage on the electrode material and the
controllable thickness with sub-nanometer scale to make it irreplaceable in the
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application of cathode material surface coating. On the other hand, researchers have
also developed other metal oxides (such as LiAlO2 and CeO2 prepared by ALD) with
good Li ionic conductivity that can be coated by ALD.

3. ALD COATING ON THE ANODE

For anode materials, graphite and Li4 Ti5O 12 (LTO) are widely used in commercial
LIBs. Carbon-based materials are the primary choice as anodes in the LIB industry due to
their versatility of structure, surface area, and electrical conductivity. However, the side
reactions with electrolytes result in significant capacity fade limits their further
applications. LTO has a stable electrochemical performance due to its negligible volume
change during the charging and discharge. However, the theoretical capacity of LTO is
too low to be used in a wider field. Silicon and other metal alloys are suffering the large
volume change during the lithiation and delithiation processes. Li metal anode also has
potential safety hazards due to the uncontrollable growth of Li dendrites [74]. These
defects of the anode materials such as large volume change during lithium
insertion/extraction, unstable SEI layer, and uncontrollable Li dendrite formation would
cause the deterioration of their electrochemical performance. The ALD coating applied to
anode materials can effectively solve the disadvantages mentioned above. A coating layer
with proper thickness and good uniformity on the surface of anode material powders or
electrodes provided by ALD method can (1) accommodating the volume change during
the lithium insertion/extraction; (2) improving the stability of SEI layer; (3) suppressing
the Li dendrite formation. In the following sections, the positive effects of ALD coating
on anode materials will be discussed one by one.

40

Table 2. ALD coatings on LIB anode materials.
Y ear

Sub strate

ALD
coatin g

O ptim um
th ick n ess

Tem p.

P erform an ce

R ef.

Al2O3

< 1 nm

180 °C

98% capacity retention after 200 cycles

[35]

Al2O3

< 1 nm

180 °C

Al2O3

~ 2.2 nm

180 °C

2011

Natural graphite
particles and
electrodes
MoO3 particles and
electrodes
Li4Ti5O12 electrodes

2013

Si Nanowires

TiN

5 nm

250 °C

2013

Li4Ti5O12 electrodes

ZrO2

~ 2 nm

100 °C

2013

Graphite electrodes

TiO2

-

< 150
°C

Up to 900 mAh g-1 after 50 cycles with
100% capacity retention
High capacity retention after 100 cycles
Higher capacity retention and
coulombic efficiency
Improved specific capacity, cycling
stability, and rate capability
Higher specific capacity and capacity
retention at 55 °C

Al2O3

< 1 nm

180 °C

Up to 249 mAh g-1 at 20 A g-1 and 508
mAh g-1 at 2 A g-1 for 200 cycles

[80]

HfO2

6 cycles

180 °C

Higher specific capacity and capacity
retention

[81]

2010
2010

2014

2014

Electrodes of porous
iron oxide nanorods
anchored N-doped
graphene sheet
SnO2 / reduced
graphite oxide
composite electrodes

2014

SnO2 nanowires

TiO2

10 nm

120
°C

2015

MoO3 electrodes

HfO2

1 nm

180 °C

2015

Carbon nanotubes

TiO2

12 nm

2015
2016

Lithium metal
Si electrodes

Al2O3
TiO2

~2 nm
3 nm

120
°C
100 °C
150 °C

2016

SnO2 particles

FeOx

~ 0.24 nm

450 °C

2016

V2 O5 / carbon
nanotube
nanocomposites

TiO2

15 cycles

120
°C

2017

Lithium metal

Al2O3

2.5 ~ 4.0
nm

150 °C

2017

Ni-supported 3D FeF2

Al2O3

1.5 nm

80 °C

Improved cycling stability and rate
capacities
Higher specific capacity and capacity
retention

[75]
[76]
[77]
[78]
[79]

[82]
[83]

88% capacity retention at 1A g-1

[84]

Doubling the lifetime of the anode
82.4% capacity retention after 50 cycles
1250 mAh g-1 after 1000 cycles with
94% capacity retention

[85]
[86]

Better capacity retention after 100
cycles
95-97% capacity retention after 180
cycles
Up to 200 mAh g-1 after 100 cycles with
better capacity retention
Enhanced capacity retention and rate
capability
High specific capacity for 100 cycles at
1C
~98% capacity retention after 500
cycles

[87]
[88]
[89]
[90]

2017

SnS2 powder

Al2O3

~ 4.2 nm

120
°C

2017

TiO2 nanotube layers

Al2O3

1 nm

200 °C

2018

Li4Ti5O12 electrodes

Al2O3

~ 2 nm

-

2018

Carbon nanotube
sheets

Al2O3

~ 3 nm

125 °C

Significantly decreased irreversible loss

[94]

2018

Lithium metal

LiF

8 nm

150 °C

Excellent stability with high Coulombic
efficiency of 99.5 % for 170 cycles

[95]

2019

Li4Ti5O12 particles

Aldoped
ZnO

~ 2.5 nm

250 °C

Up to 210 mAh g-1 after 250 cycles with
96% capacity retention at 55 °C

[96]

2020

Lithium metal/Carbon
fiber

ZnO

50 nm

100 °C

Ultralong lifespan up to 400 cycles at
3.0 mA cm-2

[97]

[91]
[92]
[93]
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3.2. ACCOMMODATING VOLUME CHANGE

Figure 8. (a) Cycling performance of the bare, 4-cycle ALD coated M 0 O3 nanoparticles
and 4-cycle ALD coated electrodes. (b) Schematic representation of the effects of volume
expansion upon i) bare particles, ii) an ALD coated nano-MoO3 particle and iii) a particle
from an ALD coated porous electrode (a-b reprint from Ref. [75]). (c) Cycling stability
test (current density of 400 mA g-1, inset shows the first 200 cycles) and (d) schematic
illustration of the three electrodes: bare SnO2 nanowires, SnO2 @TiO2 solid core-shell
nanowires, and SnO2 ©TiO 2 wire-in tube structure (c-d reprint from Ref. [82]).

Some metal-based materials (e.g., TiO2 , ZnO, MoO3, and SnO2) have been
studied and are considered promising anode materials. However, they undergo significant
volume changes (up to 300%) in the process of lithium insertion and extraction, which
leads to the rapid decay of the capacities. Riley et al.[75] reported the electrochemical
performance results of bare MoO3 and AFO3 ALD coated MoO3 particles and electrodes
(Figure 8a). The bare MoO3 particles exhibit a speedy capacity fade after only 15 cycle
with poor coulombic efficiency; the AFO3 ALD coated MoO3 particles delieved a low
reversible capacity with stale and high coulombic efficiency after 10 cycles; the AhO3
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ALD coated M 0 O3 electrodes maintains stable and high reversible capacity and
coulombic efficiency in 40 cycles. Moreover, the schematic representation transport in
natural graphite electrodes prepared with AhO3 ALD coatings on powder and directly on
the electrodes was shown in Figure 8b. Authors pointed out that bare MoO3 particles
would lose the electric conductivity/mechanical intergrity due to the extreme volume
expansion/contraction during the cycling and results in the degradation of the
electrochemical performance; conversely, some adhesion would be created to the
conductive additive and suppress the volume expansion/contraction when the ALD
coating is applied to the composite electrode. This conclusion matches well with the
mechanism proposed by Jung et al. [35]. Both noted the contribution of AhO3 ALD film
coated on the electrode to maintaining the electrical pathways during the volume change
and alleviating the fracture and loss of electrical conductivity and mechanical integrity,
especially for materials with large volume changes during charge and discharge. Guan et
al. reported a novel structure, that they successively coated ZnO and TiO2 on SnO2
nanowires, and then dissolved the ZnO sacrificial layer with HCl solution, finally
obtained a SnO2 ©TiO 2 wire-in tube structure [82]. This anode exhibits excellent cycling
stability (Figure 8c) which can be attributed to the accommodated volume expansion of
the SnO2 from the middle gap design (Figure 8d).

3.3. IMPROVING THE STABILITY OF SOLID ELECTROLYTE INTERPHASE
(SEI) LAYER
A stable anodic SEI formed during initial formation cycles of the cell is a
necessary precondition for reaching a long cycle life. An unstable SEI would continue to
form and decompose during the cycling, resulting in a thick or uneven SEI layer, which
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not only cannot protect the electrode but also continuously consumes lithium ions
during this process, resulting in poor transport of lithium ions, large internal resistance
and deteriorated overall performance of the cell. For LTO, it is usually difficult to form a
dense and stable SEI layer on its electrode surface in the first few cycles, which is
unfavorable for LTO anode [98].

Figure 9. (a) Cycling performance of uncoated LTO and the AZO-coated LTO samples at
0.1 V-3.0 V and 55 0C. SEM images of (b) uncoated LTO and (c) 250 0C 10 cycles AZOLTO electrodes obtained after 100 cycles of charge and discharge at 2 C and 55 0C with a
potential range of 0.1 V-3.0 V. (reprinted from Ref. [96])

In research of Jin et al. they reported that Al-doped ZnO (AZO) ALD coated LTO
particles with optimal thickness exhibited high capacity and stable cycling performance
in a wider potential range of 0.1 V - 3.0 V and at high current rate and temperature
(2500C 10 cycles AZO-LTO with red line in Figure 9a) [96]. AZO ALD can be achieved
by combining Al2 O3 and ZnO ALD with specific ratio of ALD cycles, and the obtained
AZO has a high conductivity that can also be used as an anode material [99, 100]. By
comparing the scanning electron microscope (SEM) images of the electrode surface after
cycling at 2 C and 55 0C over 100 cycles, it can be seen that the uncoated LTO (UC LTO)
electrode had a rough surface with many fragmented small particles attached (Figure 9b).
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In contrast, the electrode surface of the optimal AZO ALD coated LTO sample was
fully covered by a more complete and more stable SEI layer (Figure 9c). They believe
that the improvement can be attributed to the conductive AZO thin films which improved
the capacities by enhancing conductivity, and assisted the LTO electrodes to form a
robust SEI layer to protect the LTO from the continuous attack by harmful components in
the electrolyte, thereby enhancing the cycling stability.

3.4. SUPPRESSING THE FORMATION OF LI DENDRITES
Lithium metal anode is strongly considered to be one of the most promising
candidates for LIBs due to its extremely high theoretical capacity of 3860 mAh g-1.
However, uncontrollable Li dendrite growth resulted in poor cycling efficiency and short
circuits or breaks to form micron-sized aggregates, with severe safety issues that hinder
the practical applications of lithium metal anode. ALO3 ALD is the most studied coating
material to coat Li metal anode. 20 cycles of ALO3 ALD were applied on Li metal at 150
0C to obtain a AI2 O3 thin film with a thickness of around 4 nm on the surface of Li metal
[101]. After the cycling test, researchers opened the cells and checked the surface of
cycled Li metal by using SEM. It can be seen that the SEM images of the surface of bare
Li metal and AhO3 ALD coated Li metal (Figure 10a) exhibit different morphology. The
bare Li surface becomes highly porous with evidence of dendrites. However, the ALO3
ALD coated Li metal shows a smooth and dense surface without any Li dendrite. In
addition to the common 2D coating film, AhO3 ALD was applied to the synthesis of 3D
network structures on the Cu surface to inhibits the formation of Li dendrites during Li
metal deposition in Li-Li symmetric cells [102]; the researchers synthesized a very novel
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3D hollow AI2 O3 fiber by coating the AI2 O3 thin film on the cotton by ALD, and
removing the cotton by calcination.

Figure 10. (a) Symmetric cell testing with carbonate electrolyte and the SEM images of
Li surfaces of these cells after 50 cycles at current density of 1 mA cm-2 and capacity of 1
mA h cm-2 (reprinted from Ref. [101]). (b) Electrochemical performance of the
symmetric cells. Li-A-Li cells (black) and Li-Li cells (red). The current density was 1
mA cm-2 with a stripping/plating capacity of 1 mAh cm-2. (c) Description of the Li metal
growth behavior 3D AhO3 ALD layer (reprinted from Ref. [102]).

The cycling profiles of the symmetrical cells with the 3D AhO3 ALD network
(Li-Al-Li in Figure 10b) shows a relatively stable voltage profile under a current density
of 1.0 mA cm-2. By comparing the electrochemical performance of the Li metal with
different coating conditions, researchers proposed a mechanism for the Li deposition with
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different artificial AI2 O3 ALD layers as shown in Figure 10c, if Li metal deposition is
performed directly on bare Cu, a large amount of Li dendrites will be formed. When 2D
ALO3 film is coated on Cu, it cannot withstand the volume change that occurs during Li
metal deposition, and thus causes uneven Li metal growth. In contrast, the 3D ALO3
network on the surface of Cu can suppress volume changes during the Li metal
deposition and facilitate liquid electrolyte diffusion, which can suppress the Li dendrites
and exhibit stable deposition behavior. The more comprehensive protection that the 3D
structure proposed by this research is noteworthy. Moreover, the coating material of LiF
has also been reported to have the ability to inhibit the growth of Li dendrites, and this
material itself is a common SEI component with good electrochemical stability and a
relatively high shear modulus of 55 GPa [95, 103].
From this section, the results of the application of ALD coating technology on
anode materials are summarized and we can find that the effect of ALD coating is
different on cathode and anode. The significant volume change of some anode materials
is one of the main reasons for the deterioration of electrochemical performance. In the
studies of Jung et al. and Riley et al. we mentioned in Section 3.1, they found that AhO3
ALD coating on MoO3 and natural graphite composite electrodes can obtain excellent
electrochemical performance, however, the Al2 O3 ALD coated MoO3 and natural
graphite powders have lower capacities than that of the bare samples. This is because of
the insulating property of AhO3. The resistance will be increased and hinder the transport
of ions and electrons, when AhO3 is used as the coating material. Therefore, from this
aspect, the necessity of ALD technology is highlighted, which can provide nano-scale
coating, that is, it can cover the substrate materials evenly without over thick coating
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layer so that the internal resistance becomes large. Moreover, we also need to select the
coating materials we need in a targeted manner. For instance, Guan et al. (in Section 3.1)
used electrochemical stable TiO2 as the coating material to build a 3D hollow shell
structure with SnO2 nanowires that not only can increase the capacity but also alleviate
the negative impact of the significant volume expansion of SnO2 .
It is well known that in a LIB system, when the electrolyte decomposes during
charging and discharging, and the resulting products gather on the anode electrode
surface to form an SEI layer. This intermediate layer between the electrolyte (whether
liquid or solid state) and the anode electrode is crucial to the electrochemical
performance. An ideal SEI layer is electronically insulating but has good Li ion
conductivity, is uniform and stable. The AZO ALD coating reported by Jin et al. is a
good choice. TiO2 and other materials that can be used as an anode are also reasonable
choices. Moreover, according to the researches on the composition of the SEI layer, the
performance of the SEI layer with more inorganic components (such as Li2 CO3 , LiF,
Li2 O) is usually more stable [104, 105], thus, these inorganic components can also be
applied on the anode by using ALD to improve the electrochemical properties of the
anode. For Li metal anode, the role of ALD coating is mainly to stabilize its surface and
inhibit the growth of Li dendrites. Compared with other Li-free anode materials, the ALD
coating layer on the surface of Li metal is more prone to lithium intercalation reaction
during cycling. In addition to coating AhO3 to lithiated it into the Li-Al-O layer, we can
also directly coat LiAlO2 layer to eliminate the lithium intercalation process which would
consume Li. Moreover, ZnO, which could generate LiZn alloy with Li metal, and the
inorganic components of the SEI layers mentioned above are reasonable alternative

48

coating materials. The last but not least, researchers can open up ideas in future
research to try 3D ALD coating to make ALD coating more capable of solving the above
problems of anode materials.

4. ALD COATING ON SOLID-STATE ELECTROLYTE

The safety issues of commonly used and commercialized organic liquid
electrolyte become more critical, considering the serious accidents already associated
with the current LIB technology. A lithium ion conductive solid-state electrolyte without
flammable organic solvent is urgently needed. Although some inorganic all-solid-state
electrolyte obtained on a laboratory scale can reach a lithium ionic conductivity
comparable to that of the conventional organic liquid electrolyte, it usually requires
sacrificing high mechanical stability and processability; the electrochemical window of
the flexible all-solid-state electrolyte formed by blending polymer materials needs to be
improved. It is also important that poor interfacial contact and stability will hinder the
further practical application of all-solid-state electrolytes [106, 107]. The short circuit
caused by Li dendrite formation and poor interfacial compatibility are the main
challenges leading to the failure of the all-solid-state-electrolytes. The ALD coating
applied on anode materials has been proven to effectively improve the defects of solidstate electrolytes mentioned above (Table 3). A coating layer with proper thickness and
good uniformity on the surface of solid-state electrolyte materials provided by ALD
method can (1) suppressing the formation of Li dendrites; (2) reducing the interfacial
resistance. In the following sections, the positive effects of ALD coating on electrolyte
will be discussed one by one.
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Table 3. ALD coatings on LIB solid state electrolyte materials.
Y ear

Substrate

ALD
coatin g

O ptim um
th ick n ess

Tem p.

2016

Garnet-like
Li6.75La2.75Ca0.25Zr1.75Nb0.25O12

ZnO

30 nm

150 °C

Al2O3

5 ~ 6 nm

150 °C

Al2O3

150 cycles

85 °C

Al2O3

60 cycles

150 °C

2017
2018
2019

Garnet-like
Li7La2.75Ca0.25Zn.75Nb0.25O12
NASICON-type Li1 .3 Al0 .3 Ti1 .7
(PO4)3
L1 1 +xAlxGe2-x(PO4)3

P erform an ce

Significantly decreases
the interface resistance
and improved wettability
Lower interfacial area
specific resistance
More stable performance
and lower overpotential
Extended cycle life,
improve stability

R ef.

[18]
[108]
[109]
[110]

4.1. SUPPRESSING THE FORMATION OF LI DENDRITES
The short circuit phenomenon of all-solid-state electrolytes has been reported
several times in recent years, though the relative density of sintered pellets of the
inorganic electrolyte with high lithium ion conductivity was as high as 96%. This
phenomenon was cause by Li dendrite growth inside the solid-state electrolyte and
indicated a penetration pathway of Li dendrites through the grain boundaries and
interconnected pores inside the electrolyte [111]. NASICON-type electrolyte
Li1.3Al0 .3 Ti1.7(PO4)3 (LATP) was coated with ALO3 by using ALD method, the
symmetrical Li/bare LATP/Li cell shows an increasing overpotential in 600 h (Figure
11a) [109]. However, the cell with AhO3 ALD coated LATP shows a different cycling
behavior, the large overpotential in the first few cycles is attributed to the Al2 O3 layer
lithiation process, the potential gradually decreases during the following cycles after the
interface layer reached stable condition (Figure 11b). The high-resolution transmission
electron spectroscope (HR-TEM) images and the EDS mapping show the morphology
and elemental distribution of the cycled and cut LATP pellets with and without ALO3
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ALD coating (Figure 11c and 11d). The bare LATP has a rough and porous interface
with Li metal, and Li dendrite structures were observed.

Time (h)

Figure 11. Cycling behavior of the LATP/Li symmetrical cell (a) without and (b) with
AhO3 ALD coatings at 0.01 mA cm-2. Each cycle takes 2 h for lithium stripping and
plating. TEM-EDS mapping and BF (DF) images of the LATP pellet after 100 cycles:
(c) bare LATP and (d) LATP@150AhO3 (reprinted from Ref. [109]).

In contrast, the interface of AhO3 ALD coated LATP and Li metal is free of Li
dendrite and cracks. Researchers pointed out that the Al2 O3 ALD coating functions as a
physical barrier to prevent Li penetration. Nano-scale ALD coating can provide full
protection for solid-state electrolytes with porous structures, such coating makes it
possible to inhibit fine dendrites from penetrating the solid-state electrolyte.

4.2. IMPROVING THE INTERFACE CONTACT
Large interfacial resistance between all-solid-state electrolyte and electrode
materials due to its rigid solid nature. Even if removing surface impurities by polishing to
decrease the interfacial area specific resistance, the achieved interfacial resistance is still
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too high to be used in LIB. The AI2 O3 has a low binding energy with Li leading to the
formation of an ionic conductor Li-Al-O layer [16].

Figure 12. (a) SEM images of the garnet solid-state electrolyte/Li metal interface. (b)
TEM cross-section image at the interface of ALD-AhO3 -coated garnet with Ti protection
layer. TEM/HAADF image (c) and corresponding EELS maps (d-h, Al, Li, O, overlap of
Al and Li, and Ti, respectively) for the interfacial cross-section (a-h reprinted from Ref.
[108]). (i) Schematic of surface-treated garnet wetted with molten lithium. (g) Wetting
process of the molten lithium on the ZnO coated surface of garnet SSE (i-g reprinted
from Ref. [112]).

Chen et al.[101] detected LiAlO2 with a lower binding energy of 72.7 eV on the
lithium metal anode coated with AEO3 ALD, confirming that the lithiation of ALO3 layer
during the growth of ALD film, which gives the ALD coated lithium metal anode better
cycling performance. The researchers then applied this feature of the AEO3 ALD film to
solve the problem of poor interface contact of the solid state electrolyte. Han et al.[108]
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combined the feature of AI2 O3 ALD that can form a Li-Al-O structure with solid-state
electrolyte to synthesize solid-state lithium metal batteries. The garnet-like
Li7La2.75Ca0.25Zr 1.75Nb0.25O 12 (LLCZN) solid-state electrolyte with an ultrathin AhO3
ALD coating film exhibited a uniformly bond with the solid-state electrolyte at the
interface on heating. In contrary, the electrolyte without Al2 O3 ALD coating has a poor
interfacial contact with Li metal even on heating. In the typical TEM image, the Al2 O3
ALD layer with a thickness of ~ 5 nm can be observed and a Li-Al-O transition layer
with a thickness of 2~3 nm located between the garnet and the Al2 O3 ALD layer; the
element mappings of Al, Li, and O overlap at the edge of garnet and the data of the
further analysis from EELS and selected area electron diffraction (SAED) confirmed the
composition of the Li-Al-O transition layer, and such a layer provided high lithium ion
transport paths at the interface. The characteristic of ALO3 layer that can be lithiated to
form Li-Al-O layer, which brings better prospects for improving the wettability of the
separator and reducing the interface resistance of the solid-state electrolyte. In addition to
the use of AhO3 thin films to form Li-Al-O ion-conducting layer to improve the
interface contact, ZnO has also been applied to the surface of porous LLCZN garnet
solid-state electrolyte and successfully decreased the interfacial resistance of the cell
[112]. Figure 12i and 12g demonstrates the effect of the ZnO ALD coating with a
thickness of 30 nm on the improvement of the wettability of the garnet solid-state
electrolyte with Li metal, the ZnO ALD coated garnet shows enhanced wettability to
molten Li metal due to ZnO thin film can be reduced by Li to form a LiZn alloy, and
during the alloying process, Li diffuses along the ZnO thin film and subsequently wets
the surface of the garnet solid-state electrolyte.
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In summary, for solid-state electrolytes, the improvement mechanisms of ALD
coating on them is insufficient, which is related to the fact that solid-state electrolytes
have received extensive attention in recent years. According to the results that have been
reported so far, the main reason why the ALD coating can effectively improve the
electrochemical performance of the solid-state electrolyte is that the ALD coating layer
stabilizes the interface between the solid-state electrolyte and the electrode. Taking AhO3
ALD as an example, such a robust and uniform coating layer on the surface of solid-state
electrolyte can block the penetration of Li dendrites and form a stable and high lithium
ionic conductivity intermediate Li-Al-O layer.

5. ALD COATING ON SEPARATOR

The separator is one of the important components of LIBs that is not directly
involved in the electrochemical reaction, however, its properties, structure, and
composition greatly influence the performance of batteries with respect to internal
resistance, long cycle performances, high capacity, and safety. The ideal separator should
possess high mechanical strength, robust thermal stability, low internal resistance, high
electrolyte wettability, and high porosity [113]. The conventionally used separators for
LIBs on large scale are polyolefin separators, such as polypropylene (PP) and
polyethylene (PE) or their multilayer formations, which exhibit high thermal shrinkage
and low affinity to liquid electrolyte owing to the electrolyte phobic character and poor
ability to resist the formation of Li dendrites, results in their limited applications in high
power, high capacity, and high-temperature LIBs. Researchers have reported that ALD
coating applied on the polymer separator materials can effectively improve these defects
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of them mentioned above (Table 4). Metal oxide materials with good thermal stability
were used as coating materials to coat the surface of the separators. The wide operating
temperature of ALD allows this process to be carried out at a lower temperature ( < 100
0C). The performance of the polymer separators coated by ALD can be improved in the
following aspects: (1) suppressing the formation of Li dendrites; (2) improving the
thermal stability; and (3) enhancing the electrolyte wettability.

Table 4. ALD coatings on LIB separators.
Y ear

Substrate

ALD
coatin g

O ptim um
th ickness

Tem p.

2012

Porous polypropylene
separator

Al2O3

~ 6 nm

50 0C

2014

Polypropylene separator

TiO2

20 cycles

82 0C

2018

Electrospinning
nonwoven fiber of
poly(vinylidene fluoridehexafluoropropylene)
(PVDF-Hf P) separator

Al2O3

30 nm

70 0C

2019

PVDF-HFP separators

Al2O3

~ 10 nm

80 0C

2019

Porous polyethylene
separator

Al2O3

25 cycles

40 0C

P erform an ce

Thermal shrinkage suppressed,
better wettability
Overcome the thermal shrinkage
and poor wettability
Remarkable thermal stability and
fire resistance property, stable
cycling performance and great rate
performance
Satisfying flexibility, high thermal
stability, ion conductivity, and
Young's modulus; better cycling
performance and rate capacity
Improved inferior thermal and
dimensional stability

R ef.

[14]
[114]

[115]

[116]

[117]

5.1. SUPPRESSING THE FORMATION OF LI DENDRITES
The smaller pore size of separator possibly in sub-micrometer is in favor to avoid
internal short circuits caused by blocking the large active material particles and lithium
metal dendrites penetrations. Similar to the effect achieved by the ALD coating of the
solid-state electrolyte (Section 4.1), the application of ALD technology on the separators
can also suppress the growth of Li dendrites.
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Figure 13. (a) Galvanostatic cycling curves of Li | electrolyte soaked separator | Li
symmetrical cells at a current density of 0.5 mA cm-2 for over 600 h. SEM images of Li
deposition on copper foil for the (b) Celgard separator, (c) bare PH separator, and (d)
ALD100/PH separator after 100 cycles, respectively. The capacity for each Li deposition
was set to be 1 mA h cm-2 (a-g reprinted from Ref. [116]).

The relatively mature Al2O3 ALD that can be effectively performed at
temperatures below 100 °C was undoubtedly applied on the separators for several times.
The ALO3 ALD coated poly(vinylidene fluoride-hexafluoropropylene) (PVDF-HFP)
shows a stable voltage profile and lower overpotential than that of Celgard commercial
separator for 1300 h (Figure 13a) [116]. In contrast, the uncoated PVDF-HFP separator
has a sudden drop after 150 h, which is attributed to internal short circuit induced by Li
dendrites. By comparing the morphology of Li deposited on the copper foils with
different separators after 100 cycles, the AbO3 ALD coated sample shows a smooth and
Li dendrite free surface (Figure 13d); the surface morphology with the other two
separators exhibit porous and a large amount of visible Li dendrites. The ALO3 ALD
coating, which can precisely control the thickness of the obtained film, suppresses the
growth of Li dendrites by reaching a high Young’s modulus.
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5.2. IMPROVING THE THERMAL STABILITY
The thermal shrinkage of the separator with a rise in temperature causes serious
issues inside the battery. At a certain point, the separators shrink enough or melt and
introduce short circuits, which causes thermal runaway and explosion. The thermal
stability of the separators is usually determined by thermo-shrinkage test at high
temperatures.

Figure 14. Photos of (a) commercial PP, (b) bare PVDF-HFP, and (c) PVDFHFP@AhO3 and their macroscopic changes after heat treatment at different
temperatures. (a-c reprinted from Ref. [115]) (d) Thermal shrinkage of prepared
separators: PE, PE/ AhO3, PE/PDA, and PE/ AhO 3/PDA at 140 °C for 30 min (d
reprinted from Ref. [117]).

Shen et al. coated 30 nm AhO3 ALD thin films on the electrospinning nonwoven
fiber of PVDF-HFP [115]. The AhO3 ALD coated PVDF-HFP separators does not shrink
even at 270 °C but turns yellow (Figure 14a); however, the commercial PP and bare
PVDF-HFP separators both shrink at 160 °C and become transparent after 170 °C due to
their low melting point of around 165 °C (Figure 14b and 14c). From this research, we
can see that the high heat tolerance AhO3 ALD layer outside the polymer matrix
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improved the thermal stability of the separators. In another study, Moon et al. [117]
enhance the thermal stability of the PE separator by using ALD coating and
polydopamine (PDA). The thermal shrinkage behavior by machine direction (MD) and
transverse direction (TD) was observed (Figure 14d). Comparing PE and AhO3 ALD
coated PE, and PE/PDA and AhO3 ALD coated PE/PDA separators respectively, it can
be seen that the AhO3 ALD coated samples always show a smaller shrinkage than the
uncoated sample. Furthermore, the TiO2 ALD coating on porous PP membranes has
similar effect of improving the thermal stability [114].

5.3. IMPROVING THE WETTABILITY
The efficient transportation of ion inside battery depends upon the electrolyte
absorption of the separator. The separator should absorb a sufficient amount of
electrolyte and retains the absorbed electrolyte during the charge and discharge process.
The poor electrolyte wettability would deteriorate the cell performance by increasing
ionic resistance. A separator cannot be wetted quickly with electrolyte to facilitate its
filling and the final cell assembly will increase the manufacturing cost of the cell. In
addition, Moon et al. also reported that the enhanced wettability of the AhO3 ALD coated
samples [117]. As shown in Figure 15a, the contact angles of the AhO3 ALD coated PE
and PE/PDA separators are smaller than that of uncoated samples, which demonstrates
the better wettability of the AhO3 ALD coated samples. Moreover, the amount of the
liquid electrolyte uptake of the AhO3 ALD coated separators is much higher than that of
the bare PE separator (Figure 15b). This improvement is related to the coating of the OH
group-terminated AhO3 coating layer.
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Figure 15. Characterization of prepared separators: PE, PE/AI2 O3 , PE/PDA, and
PE/AI2 O3/PDA. (a) contact angles and electrolyte wettability, and (b) Gurley value and
electrolyte uptake. (a-b reprinted from Ref. [117])

From the summary of this section, we can see that the positive effects of ALD
coating on the separator are relatively comprehensive. The application of ALD in the LIB
component of polymer separators is mainly to coat material with good electrochemical
and thermal stability in a nanoscale on surface to improve the a series of important
parameters of the separator including thermal stability, electrolyte wettability, Li ionic
conductivity, and electrochemical stability without sacrificing the good mechanical
properties of the polymer separators [118].

6. SUMMARY AND OUTLOOKS

In general, ALD has a significant and positive effect on LIBs due to its high
variety of coating materials and high ability to control the thickness of obtained coating
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films. It has the ability to enhance the performance of electrode materials, separators
and electrolytes, attracting many researchers and bringing more possibilities for the
development of LIB. Although it has been more than ten years since the first application
of ALD technology to LIB materials to achieve surface modification, there is still a high
unknown space for the research and application of ALD in the field of LIB.
According to the literature summarized in this review, it can be found that the
application of ALD coating on cathode and anode materials is more diverse, and the
improvement mechanisms are discussed more comprehensively. However, there are still
many unknowns about ALD coating on electrode materials. In general, how to use the
advantages of these coatings while avoiding their disadvantages is still a process to be
explored. Developing the improvement mechanism of more coating materials can guide
researchers to choose suitable coating materials and give right medicine according to the
defects of the substrate electrode material. For instance, recently, He et al. found that
CeO2 ALD coating on LMO intensified Mn dissolution due to the Mn vacancy formation
energy reduced by CeO2 coating and leading to the easier escape of Mn atoms from the
LMO structure [119]. Moreover, since the properties of the substrate material, the several
positive effects mentioned above always cannot play their role simultaneously.
Comparing the results of AhO3 ALD coating on cathode and Li-free anode materials in
Section 2 and Section 3, it can be seen that Li-free materials may have difficult to form a
transition layer of Li-Al-O during the process of ALO3 ALD coating to improve the
electrical conductivity. In this case, researchers could solve this problem by combining
two different materials ALD coating to obtain LiAlO2 and Al-doped ZnO with high Li
ionic conductivity. Therefore, we believe that trying to use ALD to coat more materials
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with different characteristics will bring more possibilities for the subsequent
application of ALD in LIB field. Specifically, for lithium metal electrode, it has
extremely strong electrochemical activity and is highly sensitive to moisture and O2 ,
which requires proper precursors and high environmental requirements for ALD coating.
In addition, although we have listed several mechanisms for the improvement of
electrochemical performance due to the application of ALD technology on cathode and
anode materials in this review, there are still unknown mechanisms waiting for
researchers to discover. For example, Jin et al. recently reported that heat treatment of
PVDF binder-based anode electrodes would improve the distribution of PVDF and
resulting in an improvement in electrochemical performance [120]. This is worth
rethinking the improvement mechanism of the high-temperature-ALD coating on
electrodes.
Compared with cathode and anode materials, there are few attempts to apply ALD
coating technology on solid-state electrolytes and separators. The currently popular solidstate electrolytes with high conductivity, such as LISICON-like Li10GeP2 S12, garnet-like
Li6.55La3Zr2 Ga0.15O12, and Perovskite-like Li0.34La0.51TiO2.94, are generally unstable in air
and sensitive to moisture, which also limits the application of ALD technology to these
solid-state electrolytes. For ALD coating on polymer separators, there are some obstacles
of ALD coating on polymer separators need to be overcome. First, the poor thermal
stability of the polymer separators limits the operating temperature range of the ALD
coating process, which directly affects the growth rate of the ALD coating film and even
makes the ALD coating of some specific materials unsuccessful. On the other hand, some
polymer materials do not have a large density of reactive groups on the surface, which
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makes is difficult to achieve the ALD coating reactions shown in Figure 2. Therefore,
the discussion on the effect of ALD coating on the solid-state electrolytes and separators
is not comprehensive, and there are still many unknowns to be discovered.
Although ALD has been studied for many years, it is still far from being
industrialized. Whether it is coating on particles or electrodes, it is necessary to produce a
larger quantity at a lower cost in a shorter period to meet industrial standards. With
respect to raw materials, the prices of precursors are relatively high, especially at the
laboratory scale. These prices will become lower as the synthesis technology matures.
Different kinds of precursors have different reaction energies in the process of ALD,
which leads to different growth rates. In the synthesis process, the precursor should be
selected according to the conditions of the reactor and the parameters of the film to be
formed. In the respect of production process, the production rate at laboratory scale is
relatively slow, usually only a few grams of product can be processed in a few hours,
however, there were some advances in the scale-up and acceleration of ALD, such as
atmospheric spatial ALD [121, 122] and roll-to-roll ALD [123, 124], etc. For instance,
Hoffmann et al.[122] have synthesized the dense hybrid Al-doped ZnO/SnOx electron
extraction layers in perovskite solar cells at a low deposition temperature of 80 0C and
atmospheric pressure with a substrate speed of 2.4 m min-1; Ali et al.[124] have deposited
AhO 3 thin films at 50 0C and 740 Torr on a moving polyethylene terephthalate (PET)
substrate with velocity of 7 mm s"1. Furthermore, the 3D printing technology has always
attracted attention for the manufacture of LIBs [125, 126]. Combining 3D printing with
ALD coating will make the production process of LIBs with good electrochemical
performance more convenient and efficient.
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II. Li4Ti5O12 COATED WITH ULTRATHIN ALUMINUM-DOPED ZINC
OXIDE FILMS AS AN ANODE MATERIAL FOR LITHIUM-ION BATTERIES

Ye Jin, Han Yu, Yan Gao, Xiaoqing He, Tommi A. White, and Xinhua Liang
Department of Chemical and Biochemical Engineering, Missouri University of Science
and Technology, Rolla, Missouri 65409, United States

ABSTRACT

Aluminum-doped zinc oxide (AZO) films were coated on the surface of Li4Ti5O 12
(LTO) particles via atomic layer deposition (ALD) in a fluidized bed reactor. The
electrochemical characterization results indicated that the coating of AZO significantly
improved the electrochemical performance of LTO between 0.1 V and 3.0 V with a
proper coating thickness. Among all AZO-coated LTO samples, 250-10AZO (nine cycles
of ZnO ALD followed by one cycle of AhO3 ALD at a deposition temperature of 250 °C)
showed the best performance. After 250 cycles of charge/discharge at a 1 C rate (1 C=
175 mA g"1), the capacity decreased from 196 to 190 mAh g"1with a capacity retention of
~97% at room temperature and from 218 to 215 mAh g"1with a capacity retention of
~98% at 55 °C. The AZO coating layer with an appropriate thickness not only increased
the capacity of LTO by enhancing conductivity, but also assisted the LTO electrodes to
form a beneficial interface layer to protect the LTO from the continuous attack by
harmful components in the electrolyte, especially under extreme conditions, such as high
temperature and high current rates.
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1. INTRODUCTION

Lithium-ion batteries (LIBs) have attracted increasing attention as a new clean
source with high energy density, long life span, no memory effect, and excellent
portability. Graphite, with a theoretical capacity of 372 mAh g-1, is used as an anode
material in most conventional LIBs 1. However, LIBs composed of graphite anode are
easy to generate lithium dendrites, when operating at a high current rate, causing an
internal short circuit and thus suffering from significant safety problems. Lithium titanate
oxide (Li4 Ti5O 12, LTO) is a lithium ion intercalated compound, which was identified as a
promising anode material for LIBs. It has a flat charge/discharge plateaus ~1.55 V (vs.
Li/Li+), because of its characteristic of two-phase lithium ion insertion/extraction
mechanism, it also has excellent reversibility due to its negligible volume change during
charge/discharge processes (also known as “zero-strain” characteristic), thereby
rendering very long life span 2-4 Even though LTO has several advantages that make it a
promising anode material, its theoretical capacity with a typical potential range of 1.0 V 3.0 V (175 mAh g-1) is relatively low, compared to that of graphite. Therefore, it is of
great practical significance to enhance the capacity of LTO, which can expand the
application of LTO in LIBs. Ge et al. 5 and Jiang et al. 6 reported that extending the end
voltage from 1.0 V to 0.01 V was an effective way to improve the electrochemical
performance of LTO; the tetrahedral (8a) sites of LTO would be available for lithium ion
storage to have an “extra” reversible capacity, when the end potential is lower than 0.6 V.
However, this approach also leads to some other problems: (1) a lower end potential will
cause a more intensive decomposition of electrolyte to form the solid electrolyte interface
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(SEI), which means that the initial irreversible capacity loss will increase, and (2) the
change in lattice dimension during the lithium ion insertion/extraction will be increased
and thus the structure stability of LTO will become worse 7-9.
It is well known that surface modification of an electrode material by thin film
coating is an effective way to improve its electrochemical performance 10. In the past
decade, researchers have coated different metal oxide films on LTO (e.g., CeO2 11, SiO2
12, ZnO 13) and successfully improved its electrochemical performance (e.g., cycling
performance, capacity, and rate performance). Aluminum-doped zinc oxide (AZO) is a
high-profile transparent conductive oxide material with a high conductivity, higher than
that of ZnO film; these features enable it applicable to many fields, such as thin film solar
cells and flat panel displays 14-16. In addition, the high conductivity makes AZO attract
attention in the field of electrode materials of LIBs 17-20. AZO has been deposited as a
coating material by using various methods, including magnetron sputtering 18-19, 21, wetchemical methods 22, and sol-gel method 16, 23. In recent years, atomic layer deposition
(ALD) has been considered as an effective and promising technology that can be used to
deposit AZO on planar substrate 24 Compared with other coating technologies, the
characteristics of self-limiting and sequentially self-terminating surface reactions give it
excellent uniformity, conformality, and thickness control at atomic scale 25. In our
previous research, we solved the trade-off between specific capacity and cycling stability
by successfully coating conductive CeO2 26-27 and FeOx 28 films on different electrode
materials using the ALD method.
In this study, the AZO films with various thickness and compositions were
deposited on LTO particles by ALD with different deposition temperatures and the ratio
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of the number of AI2 O3 ALD to the of ZnO ALD. Among the AZO-coated LTO
samples, 250-10AZO with deposition temperature of 250 °C and total ALD cycle number
of 10 has the best performance. The possible mechanism of performance enhancement
was explored by carrying out various characterizations. The composition of the uncoated
LTO and AZO-coated LTO particles were investigated using X-ray photoelectron
spectroscopy (XPS). Scanning electron microscopy (SEM) images suggest that there was
a complete layer formed on the surface of 250-10AZO electrode after 100 cycles of
charge/discharge. Chronoamperometry (CA) was recorded in order to identify the
positive effect of AZO coating on improving the conductivity of LTO.

2. EXPERIMENTAL

2.1. AZO FILMS GROWN BY ALD
Various thicknesses of AZO films were deposited on LTO particles by ALD. The
coating process was implemented in a home-made fluidized bed reactor and the details of
the reactor were described elsewhere 29. The AZO deposition temperature ranged from
200 to 300 °C. Diethylzinc (DEZ, Sigma-Aldrich), trimethylaluminum (TMA, 97%,
Sigma-Aldrich) and deionized water were used as precursors, which are the source of
zinc, aluminum, and oxygen, respectively. All three precursors were delivered into the
reactor by the driving of their room temperature vapor pressure. During the deposition
process, the excess precursors and byproducts were purged with nitrogen gas flow at a
minimum fluidization velocity of 5 sccm for separation of the next half-reaction. The
ALD coating process was controlled by using a LabVIEW program. The bare
commercial LTO particles were coated with different ratios of AhO3 to ZnO ALD cycles
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(i.e., 1:5, 1:9, and 1:14) at 200 °C. For example, for the case of AhO3/ZnO=1:9, nine
cycles of DEZ/H2 O were carried out followed by one cycle of TMA/H2 O, which means
the ALD cycle ratio of AhO3 to ZnO was 1:9. Similarly, other cycle ratios of samples
were obtained in the same way but deposited with different cycle numbers of DEZ/H2 O
followed by one cycle of TMA/H2 O. The conductivity of these samples was measured,
and it was determined that the samples with the ALD cycle ratio of 1:9 had the highest
conductivity. Therefore, in this study, if not pointed out specifically, AhO3/ZnO=1:9 was
used. Since ALD coating temperature affects the film growth rate and density of films,
samples with a total ALD cycle number of 10 and AhO3/ZnO=1:9 were prepared by
depositing AZO films at 200 °C, 250 °C and 300 °C, and these samples were labeled as
200-10AZO, 250-10AZO, and 300-10AZO, respectively. To obtain a thicker AZO layer
for characterization, a total ALD cycle of 30 (AhO3/ZnO=1:9) was applied at 200 °C, and
this sample was named as 200-30AZO. The uncoated LTO sample was named as UC
LTO.

2.2. COIN CELL ASSEMBLY
A mixture of 80 wt.% active material, 10 wt.% carbon black (Alfa Aesar), and 10
wt.% polyvinylidene fluoride (PVDF, Sigma-Aldrich) in N-methyl-2-pyrrolidone (NMP,
Sigma-Aldrich) was prepared as an anode slurry. The slurry was cast on a copper foil
rested on a glass plate using a doctor blade (MTI Corp.), followed by drying in a vacuum
oven at 120 °C for 8 h. The dried-up coated foil was punched to a disk with a diameter of
around 9.5 mm and the loading mass of active materials in each electrode was about 3 mg
cm-2. With respect to the coin cell test, the LTO electrode was assembled with the counter
electrode, which was lithium metal (99.9% trace-metal basis, Sigma-Aldrich); the
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electrodes were separated by a separator film Celgard 2320; the electrolyte solution
was 1 M LiPF6 in ethylene carbonate (EC)/dimethyl carbonate (DMC) (1:1 of EC : DMC
by volume, Sigma-Aldrich). The CR2032 coin cells were assembled in an argon-filled
glove box.

2.3. MATERIALS CHARACTERIZATIONS
The surface compositions of the samples were performed using an X-ray
photoelectron spectrometer (XPS, Kratos Axis 165, monochromatic AlK a radiation).
The crystal structure of UC LTO and 200-30AZO was characterized by X-ray diffraction
(XRD, Phillips Powder Diffractometer, CuK a radiation, X=1.5406 A) with a scan rate of
3 ° min-1. Transmission electron microscopy (TEM, FEI Tecnai F30 G2 Twin) was
operated at 300 kV to measure the thickness of AZO films for 250-10AZO. Scanning
TEM-EDS mapping was collected with a Bruker 30 mm2 active area Silicon Drift
Detector with a super light element window to confirm the elemental distribution.
Morphology of UC LTO particles, and the surface of fresh and cycled UC LTO and 25010AZO electrodes were visualized using a field emission scanning electrode microscope
(FE-SEM, Hitachi S-4700). The composition of SEI was performed by using Fourier
transform infrared spectroscopy (FT-IR, Nicolet IS50).

2.4. ELECTROCHEMICAL TESTING
The electrochemical performance of the half cells was performed using a battery
test station (Neware Corp.) with cutoff voltages of 0.1 V and 3.0 V or 1.0 V and 3.0 V at
room temperature or 55 °C. The electrochemical impedance spectra (EIS) were
investigated using a Biologic SP-150 Impedance Analyzer over a frequency range from
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0.001 Hz to 1 MHz with an amplitude of 5 mV. Configuration is the three-electrode
method with lithium metal acting as a counter and reference electrode at the same time.
The cyclic voltammetry (CV) tests were performed between 0.1 V and 3.0 V with a
scanning rate of 0.1 mV s-1 using the same analyzer for EIS measurement. Conductivity
measurement was carried out using chronoamperometry (CA) at different voltages (i.e.,
0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 2.0, and 2.25 V) with the same device at different
temperatures (i.e., 110, 120, 130, 140, 150, 160 °C). UC LTO and the AZO-coated LTO
powder with different ratios of AhO3 to ZnO cycle were cold pressed to form pellets with
a surface area of ~1.1 cm2 and thickness of ~0.13 cm. Ag paste (Sigma-Aldrich) worked
as the blocking electrode was coated on both sides of the pellets, then the smeared pellets
were dried in a vacuum oven at 120 °C for 1 h.

3. RESULTS AND DISCUSSION

3.1. CHARACTERIZATIONS OF AZO FILMS
The composition of UC LTO and the AZO-coated LTO samples was confirmed
by XPS analysis and the results are shown in Figure 1a. Curve (i) is the XPS survey
spectrum of UC LTO, and the characteristic peaks of Li 1s, Ti 2p, O 1s, and C 1s were
detected. For curve (iii) - (v), the peaks of Zn and Al verified the existence of Zn and Al
elements in the ALD coating layer, which implies that the AZO was successfully
deposited on the surface of LTO particles. By comparing the survey spectra of all
samples, it is clear that the peaks of Zn in curve (iv) and (v) were significantly stronger
than those of the other samples, and the peaks of Ti 2p and Li 1s of these two samples
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became weak, suggesting that the content of LTO in an average depth of 5 nm of the
XPS detection limit was low.
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Figure 1. (a) XPS survey spectra of UC LTO and AZO-coated LTO, core levels of (b)
Zn2p, (c) Al 2p, (d) O1s of 250-10AZO, and (e) X-ray diffraction data of (i) UC LTO,
and (ii) 200-30AZO.

In other words, the AZO layer of 200-10AZO and 200-30AZO were thicker than
that of the other samples. Especially, 200-30AZO with 30 ALD cycles in total has the
thickest AZO coating film. The survey spectra of 300-10AZO, shown as curve (ii), was
similar to that of UC LTO (curve (i)); although a weak peak of Al 2s can be detected at
~118 eV, there was almost no Zn peak. According to the study by Yang et al. 24, a higher
deposition temperature would hinder the self-limited and self-saturated reactions of the
ALD process, therefore, we believe that a conformal layer of AZO film had not been
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successfully coated on the surface of LTO particles at 300 °C. In the curve (iii), not
only the peaks derived from Zn and Al can be clearly observed, but also the peaks from
Ti were not greatly weakened, indicating that the thickness of AZO coating layer of 25010AZO is thinner than those of 200-10AZO and 200-30AZO. Figure 1b shows that there
were two peaks at 1021 eV and 1044 eV, which were assigned to the Zn 2p3/2 and Zn
2pm states 17, indicating the existence of Zn2+ in 250-10AZO. Core levels of Al 2p are
shown in Figure 1c, the Al-O bonds has a binding energy of 72.5 eV, which is
corresponding to neither bulk AhO 3 (74.6 eV) nor metallic Al (72.2 eV). According to
the previous studies on AZO films, this result implies that the most Al atoms substituted
into the Zn sites in the AZO films 21, 30"31. In the core level of O 1s, as shown in Figure
1d, there were three types of oxygen bond of Zn-O (529.4 eV), Ti-O (531.2 eV), and AlO (532.6 eV) 12, 17 Moreover, based on the above XPS results, it is reasonable to
conclude that AZO was successfully coated on the surface of LTO particles via ALD
method at 200 °C and 250 °C. The XRD patterns of UC LTO and 200-30AZO are shown
in Figure 1e. All the identified diffraction peaks obtained from UC LTO are explicitly
specified to the phase cubic spinel LTO crystals (ICDD card No. 00-049-0207). The
XRD pattern of 200-30AZO exhibited a few fairly weak peaks, which located between
30° and 40°; all these peaks corresponded to the hexagonal-close-packed wurtzite phase
of ZnO (ICDD card No. 01-079-0206). Apparently, the surface modification with AZO
coating did not change the LTO structure. This could have been because of the low
amount of coating material, and the reflection peaks of ZnO were quite weak and the
peak of Al2O3 was completely unobservable.
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Table 1. The weight percentage of Al [Al/(Al+Zn)] of the AZO coating layer.
Samples
200-10AZO
250-10AZO
300-10AZO

Al/(Al+Zn) (wt.%)
6.75
1.63
96.95

In addition, Table 1 lists the weight percentage of Al of each coated sample,
which was calculated in the format of [Al/(Al+Zn)] and determined from the atomic ratio
of XPS results. The samples with a total of 10 ALD cycles but at different deposition
temperatures (200, 250, and 300 °C) have 6.75, 1.63, and 96.95 wt.% of Al, respectively.
The data of 300-10AZO supported the conclusion that a conformal layer of AZO film
was not coated on the LTO particle surface by ALD at 300 °C. Therefore, based on the
results of XPS, we did not perform further electrochemical testing on 300-10AZO due to
the unsuccessful coating of AZO at such high ALD temperature.

Figure 2. TEM images of (a) UC LTO, and (c) 250-10AZO particles and the edge of one
(b) UC LTO and (d) 250-10AZO particle.
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For UC LTO (Figure 2a, 2b), the particles have a size ranging from 300 nm to
350 nm, and there is no film that can be observed on the UC LTO particle surface.
Figure 2c shows the morphology of 250-10AZO which has a similar to that of UC LTO.
In Figure 2d, TEM image of a clean edge of a 250-10AZO particle certified the presence
of an AZO layer on the surface of LTO particles. The AZO layer had a thickness of ~2.5
nm with nine ALD cycles of ZnO followed by one AhO 3 ALD cycle at 250 °C. By
comparing the relevant literature 32"34, the thickness of the ALD AZO coating in this
project is reasonable. The crystalline lattice spacing of ~0.48 nm corresponds to the (111)
plane of spinel LTO. The EDS mapping of 200-30AZO which has the thickest AZO
coating layer (shown as Figure S1 in the Support Information) was collected to confirm
the element distribution. From Figure S1a, it can be seen that the Al and Zn elements are
uniformly distributed on the surface of the LTO particles which indicating the conformal
coating of AZO film on the LTO particle, and the Figure S1b shows the denser
distribution of Al and Zn elements at the edges, suggesting that the AZO film was coated
on the surface of the LTO particles without diffusion.

3.2. ELECTROCHEMICAL PERFORMANCE
In order to investigate the effects of AZO ALD coating layers on the
electrochemical performance of LTO, the AZO-coated LTO samples were used as the
electrode to assemble half-cells. 250 to 500 cycles of charge/discharge were tested with
different potential ranges and temperatures at 1 C. Figure 3 shows the cycling
performance of the samples in a voltage range of 0.1 V to 3.0 V. Most of the AZO-coated
LTO samples showed higher capacities than that of UC LTO. At room temperature
(Figure 3a), the initial capacity of UC LTO reached ~170 mAh g-1, then gradually
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decreased and stabilized at ~140 mAh g-1 after 200 cycles of charge/discharge; the
decrease of the capacity is caused by the formation of SEI in the first cycle, and it was
intensified and the structure stability of LTO got worse within the potential range of 0.1
V- 3.0 V.
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Figure 3. Cycling performance of UC LTO and the AZO-coated LTO samples at 0.1 V 3.0 V and two different temperatures: (a) room temperature, and (b) 55 °C.

The capacity of 200-10AZO at room temperature had an initial capacity of above
200 mAh g-1, and it had a higher capacity retention than that of UC LTO, which remained
at ~160 mAh g-1 after 200 cycles. 200-30AZO with the thickest AZO layer had the
highest initial capacity, but the downward trend was also the sharpest; after 120 cycles,
its charge capacity was lower than that of UC LTO, and finally dropped to ~120 mAh g-1.
For 200-10AZO and 200-30AZO, which had a relatively thicker AZO layer coating, the
thicker the AZO layer, the faster the capacity fade. That may be because the AZO layer
of these two samples is too thick to be acted only as a coating material, it also acted as the
anode material. Dai et al. 21 reported that AZO anode had an irreversible decomposition
in the first cycle of charge/discharge, and thus increased the resistivity of the AZO film,
leading to the poor reversibility with the AhO 3 weight percentage of > 5%. The reason
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for the unstable performance of 200-10AZO and 200-30AZO was revealed by
combining the above report conclusion with the weight percentage of Al of these two
samples shown in Table 1. The capacity of 250-10AZO reached ~190 mAh g-1 after 250
cycles and exhibited the highest capacity and excellent stability among the four samples.
At 55 °C (Figure 3b), 250-10AZO still showed the best stability, and the initial
capacity achieved 218 mAh g"1 and maintained at 215 mAh g"1 after 250 cycles of
charge/discharge. On the contrary, UC LTO showed a sharp decline in the first 50 cycles
of charge/discharge. This poor capacity retention is due to the fact that a thicker SEI layer
came from the side reactions between the electrode and the electrolyte was exacerbated at
55 °C, resulting in a larger resistance than that at room temperature 35-36. The cycling
performance and coulombic efficiency of the optimal sample (250-10AZO) and UC LTO
were compared and displayed separately in Figure S3, 250-10AZO kept high coulombic
efficiency (~100%) during all cycling. Moreover, for 200-10AZO and 200-30AZO at 55
°C, they also performed a more dramatic fading in capacity than that at room temperature,
which could have the same reason as UC LTO. Overall, for 250-10AZO, this remarkable
improvement on the charge capacity and retention within the potential range of 0.1 V 3.0 V can be attributed to the following positive factors: (1) the higher conductivity of
AZO coating layer provided a fast electron transport and reduced the charge transfer
resistance, (2) the AZO coating layer with a proper thickness effectively resisted the
continuous attack of the electrolyte on the surface of electrode.
Based on the results in Figure 3 and Figure S4, it can be seen that AZO coating
can play a positive role in enhancing the electrochemical performance of LTO in the
potential range of 0.1 V - 3.0 V. Not only because it can increase the conductivity of the
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active material to improve the capacity (the measured conductivity of all samples are
shown in Figure S2), but it also can reduce the direct contact area between the active
material and the electrolyte to protect the LTO particles and improve stability of LTO.
Therefore, the following test was focused on the effect of coating AZO on LTO particles
within 0.1 V - 3.0 V. We further tested the rate performance, EIS, and CVs of samples.

Figure 4. Rate performance of UC LTO and the AZO-coated LTO samples at 0.1 V - 3.0
V and two different temperatures: (a) room temperature, and (b) 55 °C.

Figure 4 shows the rate capability of the UC LTO and AZO-coated LTO samples,
which were tested at various current rates from 0.2 C to 10 C and at two different
temperatures within the potential range of 0.1 V to 3.0 V. At room temperature (Figure
4a), the capacity of UC LTO at 0.2 C reached less than 200 mAh g-1, which is the lowest
among the four samples; at 5 C and 10 C, only ~105 mAh g-1 and ~25 mAh g-1 remained.
The capacity of 200-10AZO reached ~135 mAh g-1 at a rate of 5 C; however, at 10 C, the
capacity of 200-10AZO dropped to ~25 mAh g-1, which is similar to the capacity of UC
LTO at a 10 C rate. The 200-30AZO sample exhibited a higher capacity at 0.2 C, which
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is due to the over-thick AZO layer provided additional capacity as an anode material
instead of just a protective coating, which was allowing more lithium ions and electrons
to insert to both AZO coating layer and LTO particle. This conclusion is also confirmed
by the charge-discharge curves of 200-30AZO (Figure S5d and S5h in the Supporting
Information), these curves do not show the flat plateaus of LTO around 1.55 V, but show
the characteristics of AZO anode electrode, which is consistent with the performance of
AZO anode reported by Dai et al. 21. At the same time, however, the AZO coating layer,
which was excessive and existed as the anode material, has undergone an irreversible
decomposition during charge/discharge cycles. This means that the too thick AZO layer
will cause the resistance increase and the capacity drop. Finally, the capacity of 20030AZO dropped to ~18 mAh g-1 at 5 C and ~7 mAh g-1 at 10 C. 250-10AZO delivered
capacities of 213, 205, 198, 172, 40 mAh g-1 at 0.2 C, 1 C, 2 C, 5 C, and 10 C,
respectively. Except for 0.2 C, 250-10AZO shows the highest capacity among the four
samples.
At 55 °C (Figure 4b), the change in the capacity of UC LTO is consistent with the
results shown in Figure 3b. The higher temperature made it unstable and a steeper drop in
capacity. Although 200-10AZO reached a higher capacity at 10 C than that of room
temperature, its capacity dropped as C rate increased. With respect to 200-30AZO, the
capacity decreased sharply with the increase in the C rate; this phenomenon was derived
from the increased resistance due to the thickest AZO layer as mentioned earlier. The
capacity change of 250-10AZO with the increase of C rate is the smallest, and it reached
195 and 170 mAh g-1 even at 5 C and 10 C, respectively. Moreover, the charge-discharge
curves of all samples were taken from the first cycle of each C rate in this rate
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performance test and plotted as Figure S5 in the Supporting Information, which agrees
with the results in Figure4 to support the conclusions. In general, 250-10AZO displayed
an excellent rate capability and stability, attributed to the conductive AZO coating layer
with an appropriate thickness, which can improve the conductivity of LTO and reach a
fast electron transport.

Figure 5. Cycling performance of UC LTO and AZO-coated LTO samples at 0.1 V - 3.0
V and 55 °C: (a) 2 C, and (b) 5 C.

Based on the results in Figure 4b, we further tested the stability of 250-10AZO at
0.1 V - 3.0 V and 55 °C with higher C rates of 2 C and 5 C for a longer test period than
that of the rate performance test in Figure 4. When the test current rate was 2 C (Figure
5a), 250-10AZO had an initial capacity of ~200 mAh g-1, and it remained ~186 mAh g"1
with a capacity retention of 93% after 100 cycles of charge/discharge. For UC LTO, its
capacity decreased from 118 to 89 mAh g-1 after 100 cycles with a capacity retention of
75%. In Figure 5b, 250-10AZO achieved an initial capacity of ~196 mAh g-1 at a rate of
5 C, and it could still obtain ~154 mAh g-1 with 21% capacity loss after 100 cycles. In
contrast, the LTO particles without AZO coating could only reach an initial capacity of
~80 mAh g-1 under such high temperature and high C rate condition; after 100 cycles of
charge/discharge, 29% of the initial capacity faded and only ~57 mAh g-1 retained. The
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performance of the other samples at these two current rates was also consistent with
that shown in Figure 4b. This result also ensured the outstanding cycling stability and rate
capability of 250-10AZO.

Figure 6. Nyquist plots of samples tested at 2 C with a potential range of 0.1 V - 3.0 V
and temperature of 55 °C (a) at the 0th, (b)at the 100th cycles, and (c) equivalent circuit.

Figure 6. plots the EIS results of samples, which completed formation but not yet
tested (Figure 6a) and after 100 cycles of charge/discharge (Figure 6b), and all tested
cells were in a state of 50% DOD (depth of discharge). It can be seen that the Nyquist
plots of all samples display three semicircles in high and middle frequency regions and a
sloping straight line in the low frequency region, corresponding to the resistance for
lithium ion diffusion in the interface layer between the particle surface and electrolyte
(Rf, the surface film resistance), the resistance of formed SEI layer (Rsei), the charge
transfer reactions between the active particles and the electrolyte (Rct, charge-transfer
resistance), and the solid state diffusion of lithium ions, respectively. The equivalent
circuit model used for the fitting is shown in Figure 6c and the parameters obtained from
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fitting results are listed in Table S1. After formation (i.e., 0th cycle), it can be seen that
200-10AZO and 250-10AZO reached a smaller Rtot (Rtot=Rf+Rsei+Rct) than that of UC
LTO; this could be due to the conductive AZO coating layer on the surface of LTO
particles, which is beneficial to charge transfer. For 200-30AZO, the Rtot was the largest,
which is due to the thickest AZO layer coated on the LTO surface. These results can
explain that in Figure 5a, the initial capacities of 200-10AZO and 250-10AZO were
higher than that of UC LTO, and that of 200-30AZO was the lowest. After 100 cycles of
charge/discharge, the Rtot of 250-10AZO was still the lowest, indicating the positive
effect of AZO coating layer. For 200-30AZO, the sharply rising resistance also confirms
the hypothesis mentioned above that the excessively thick AZO layer would increase the
resistance. Overall, the EIS results of these four samples are in agreement with their
electrochemical performance in the previous tests. Besides, EIS tests were also performed
for the coin cells after those different C-rate test (Figure 4b), as shown in Figure S6 in
Supporting Information. The results are consistent. The good capacity retention and rate
capability of 250-10AZO should be related to its resistance, which was much lower than
that of the others.
Figure 7 shows the initial three CV cycles of UC LTO and 250-10AZO at
different temperatures within 0.1 V to 3.0 V using a scan rate of 0.1 mV s-1. In general, a
pair of oxidization/reduction peaks at ~1.5 V and ~1.7 V exist in all CVs, which can be
attributed to the redox reactions between Ti4+ and Ti3+ 37 As Jiang et al. 6 and He et al. 38
reported, the pair of reversible peaks below 0.6 V should correspond to the
insertion/extraction of lithium ions at the tetrahedral (8a) sites in the LTO spinel structure
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and the irreversible reduction peak at around 0.7 V in the first curve should come from
the irreversible electrolyte decomposition.

Figure 7. CV curves of (a, c) UC LTO and (b, d) 250-10AZO at 0.1 mV s"1 in 0.1 V - 3.0
V at (a, b) room temperature and (c, d) 55 °C.

The peak current density of 250-10AZO (Figure 7b, 7d) is noticeably higher than
that of UC LTO (Figure 7a, 7c) at both room temperature and 55 °C, indicating 25010AZO has a better electrochemical reactivity. On the other hand, except for the
discharge process of the first cycle, the other cycles of 250-10AZO overlapped very well,
nevertheless UC LTO presented that the peak current density decreased with increasing
cycles. This nicely illustrates the better stability of 250-10AZO than that of UC LTO at
both room temperature and 55 °C. All performances of CVs are consistent with the results
mentioned above and revealed that the AZO coating layer played a positive role in
improving the charge capacity and stability of LTO.
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Figure 8. SEM images of (a, c) UC LTO and (b, d) 250-10AZO electrodes obtained (a, b)
in a fresh state and (c, d) after 100 cycles of charge/discharge at 2 C and 55 °C with a
potential range of 0.1 V - 3.0 V.

In order to further understand the role of AZO coating layer on the LTO in the
cycling performance, SEM images of fresh electrodes and the cycled electrodes from the
opened coin cells were taken. These electrodes were tested in a potential range of 0.1 V 3.0 V at 2 C and 55 °C for 100 cycles of charge/discharge. By comparing the SEM
images of UC LTO particles (Figure S7), Figure 8a and 8b show that some smaller
particles on the fresh electrodes (circled in the figure) should be from the binder material
and carbon black, which were mixed for the formation of electrode paste. In Figure 8c,
after 100 cycles of charge/discharge at 2 C, UC LTO particles had a rough surface and
there were more fragmented small particles (circled in the figure) unevenly attached to
the surface of UC LTO electrode. These attached particles had a rougher surface and
more blurred edges than those particles on the fresh electrodes (Figure 8a, 8b), which
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should be SEI components derived from the decomposition of the electrolyte on the
surface of electrodes. This result indicates that a stable and uniform SEI film could not be
formed on the electrodes of the uncoated sample 38-39. These particles do not have the
ability to protect the electrodes. In addition, these particles increase the impedance of the
electron transfer of LTO. This result also corresponds to the resistance of UC LTO after
100 cycles of charge/discharge (Table S1). In contrast, as can be seen from the Figure 8d,
there was a more complete and more uniform layer formed on the surface of 250-10AZO
electrode than that of UC LTO electrode after 100 cycles of charge/discharge. It is well
known that a fully covered interface film can separate the active material particles from
the surrounding electrolyte and prevent the excessive electrochemical reactions between
them 38-39. This can well explain the stable performance of 250-10AZO at 0.1 V - 3.0 V
and 55 °C.
FT-IR spectra of PVDF, UC LTO, and 250-10AZO particles and electrodes
before and after cycling were performed to check the compositions of SEI layer (shown
as Figure S8). The peaks of Li2CO3 (at 1430 and 1500 cm-1) and ROCO2Li (at 1618 cm-1)
were detected from the surface of UC LTO and 250-10AZO, which are the characteristic
peaks of the SEI components. 13, 38

4. CONCLUSIONS

In this study, AZO-coated LTO samples were successfully prepared by using
ALD method. The sample (i.e., 250-10AZO) with an optimal composition and film
thickness performed a high capacity and remarkable cycling stability at 0.1 V - 3.0 V,
especially at a higher temperature of 55 °C. The results of XPS and XRD confirmed the
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existence of AZO on the surface of LTO particles. TEM images ensured the
morphology of 250-10AZO particles and the thickness of its AZO coating layer. At a rate
of 1 C, 250-10AZO reached a capacity of ~190 mAh g-1 after 250 cycles of
charge/discharge at room temperature, which is 38% higher than that of UC LTO. The
excellent stability of 250-10AZO allows it to remain a capacity of ~215 mAh g-1 at 55 °C
after 250 cycles, which is 60% higher than that of UC LTO. Even with higher current
rates, the rate performance of 250-10AZO was particularly outstanding, which has a
capacity of ~172 mAh g-1 at a rate of 5 C and room temperature, and ~169 mAh g-1 at 10
C and 55 °C. This study reports the first time the effect of combining AZO and LTO by
using ALD for LIBs. The AZO thin film formed on the surface of LTO particles by ALD
coating not only can improve the capacity of LTO in the range of 0.1 V - 3.0 V, but also
can protect LTO electrode from the electrolyte and suppress the undesirable interfacial
reactions between them. We are optimistic that the ALD method demonstrated in this
work can be extended to the synthesis of more novel electrode materials.

SUPPORT INFORMATION

The following additional information is listed in this Supporting Information file,
including Figure S1, EDS mapping of the 200-30AZO; Figure S2, the Arrhenius plots for
the conductivities of UC LTO and the AZO-coated LTO samples with different AbO 3 ZnO cycle ratios; Figure S3, cycling performance and coulombic efficiency of UC LTO
and 250-10AZO within 0.1 V to 3.0 V at different temperature; Figure S4, cycling
performance of UC LTO and the AZO-coated LTO samples at 1.0 V - 3.0 V and two
different temperatures; Figure S5, the charge-discharge curves from all samples with
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different C rates at different temperature; Figure S6, electrochemical impedance
spectra (EIS) Nyquist plots of UC LTO and AZO-coated LTO samples after different C
rates test within 0.1 V - 3.0 V at 55 °C; Figure S7, scanning electron microscopy (SEM)
image of UC LTO particles; Figure S8, FT-IR spectra of UC LTO and 250-10AZO
particles and electrodes before and after cycling.

Figure S1. (a) STEM-EDS mapping of the 200-30AZO sample particle and (b) EDS
mapping of edge of the 200-30AZO sample particle.

Figure S2 shows an Arrhenius plots of the conductivities, o, of the AZO-coated
LTO samples with different ratios of the number of ZnO ALD cycles to that of AhO3
ALD cycles and different temperatures. The conductivity has been found to follow the
following equation:
ctT

= Ao exp(- E a/ RT)

(1)

where o represents conductivity, A0 is the pre-exponential factor, and Ea is the
activation energy. It is obvious that the conductivities of all samples increased as the test
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temperature increased. All AZO-coated LTO samples exhibited higher conductivity
than that of UC LTO, and 250-10AZO has the best conductivity performance of all AZOcoated LTO samples. Although in theory, the electron mobility increases as the
proportion of the content of Al in AZO decreases, the resistivity does not 32, 34 Sample
with fourteen ALD cycles of ZnO and one ALD cycle of AhO3 formed a thicker AZO
coating layer than that of the other samples, thus the resistance of 200-15AZO sample
was higher than that of the other coated samples. The plot of the 200-30AZO exhibits a
distinctive slope which perhaps because of the electrochemical property of “non-LTO”
from the thick AZO coating layer. The optimal condition was measured to be a ratio of
Al2O3:ZnO=1:9. Therefore, in subsequent sample synthesis, this ratio of Al2O3/ZnO =1:9
was used.

Figure S2. Arrhenius plots for the conductivities of UC LTO and the AZO-coated LTO
samples with different AhO 3 -ZnO cycle ratios.
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Figure S3. Cycling performance and coulombic efficiency of UC LTO and 250-10AZO
within 0.1 V - 3.0 V at (a) room temperature, and (b) 55 °C.

Figure S3 shows the cycling performance and coulombic efficiency of UC LTO
and 250-10AZO within 0.1 V to 3.0 V at different temperatures. Both UC LTO and 25010AZO show high coulombic efficiency (~ 100%) at all cycling.
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The cycling performance of samples between 1.0 and 3.0 V was tested at
different temperatures is shown in Figure S4. UC LTO maintained a higher initial
capacity than those of the AZO-coated LTO samples at both two different temperatures.
It is obvious that no matter at which test temperature, the coating of AZO did not increase
the capacity of LTO in 1.0 V - 3.0 V. At 55 °C (Figure S4b), the capacity of all samples
exhibited different degrees of rising, compared to those at room temperature, because the
conductivity of the electrode material increased with increasing temperature. In the
meantime, the overall trend of capacity performance of all samples is consistent with that
of room temperature. After 300 cycles of charge/discharge at 55 °C, the capacity of UC
LTO declined sharply. On the contrary, the AZO-coated LTO samples showed a more
stable performance than UC LTO did, even if their capacities were not improved in this
potential range.
Figure S5 shows the charge-discharge curves of all samples at different C rate
with a potential range of 0.1 V to 3.0 V at different temperatures. The plotted curves were
taken from the first cycle of each C rate in the rate performance test (Figure 4). In Figure
S5a and S5e, at a rate of 10 C, UC LTO achieved charge capacities of ~25 mAh g-1 at
room temperature and ~33 mAh g-1 at 55 °C, exhibiting only ~12% and ~15% retention
of its initial capacity at 0.2 C. In sharp contrast, for 250-10AZO (Figure S5c, g), it
delivered the highest charge capacity of 40 mAh g-1 at room temperature and 170 mAh g1 at 55 °C with a rate of 10 C which has capacity retention of ~19% and ~81% of its
initial capacity at 0.2 C. Moreover, 250-10AZO always shows longer and flatter plateaus
than other samples at these C rates, which corresponds to the good stability and higher
capacity of 250-10AZO.
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This result further confirms the positive effect of AZO coating. The chargedischarge curves of 200-30AZO (Figure S5d, h) shows incomplete flat plateaus from
LTO (around 1.55 V vs. Li/Li+). At 55 °C and a rate of 10 C, 200-30AZO only reached a
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capacity of < 2 mAh g-1, its charge-discharge curves almost coincide with the ordinate
axis. The performance of 200-30AZO, unlike other samples, indicating it works more as
AZO anode rather than LTO, which confirms the fact that the over-thick AZO layer of
200-30AZO.

Figure S6. Electrochemical impedance spectra Nyquist plots of UC LTO and the AZOcoated LTO samples measured after test at different C rates at 55 °C with a potential
range of 0.1 V to 3.0 V.

Figure S6 plots the EIS results of samples. These were collected after the test at
different C rates within 0.1 V - 3.0 V at 55 °C. All measured cells were in a state of 50%
depth of discharge (DOD).

Table S1. Electrochemical impedance spectra fitting results of UC LTO and AZO-coated
LTO electrodes after 2 C cycling performance test.
Sample
UC LTO
200-10AZO
250-10AZO
200-30AZO

0th
Rf (Q)
12.69
18.28
11.9
164

Rsei (Q)
9.89
38.53
22.8
239

100th
Rct (Q)
145.6
120.9
60.52
399

Rf (Q)
43.98
30.64
34.96
284.6

Rsei (Q)
42.8
61.37
48.46
437.9

Rct (Q)
318.19
174.8
151.78
1160.5

98

Figure S7. SEM image of UC LTO particles.

Figure S8. FT-IR spectra of PVDF, UC LTO (a) and 250-10AZO (b) particles and
electrodes before and after cycling.
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SIMPLE APPROACH: HEAT TREATMENT TO IMPROVE THE
ELECTROCHEMICAL PERFORMANCE OF COMMONLY USED ANODE
ELECTRODES FOR LITHIUM-ION BATTERIES

Ye Jin, Han Yu, Xinhua Liang
Department of Chemical and Biochemical Engineering, Missouri University of Science
and Technology, Rolla, Missouri 65409, United States

ABSTRACT

Lithium-ion battery (LIB) industry has been in high demand for simple and
effective methods to improve the electrochemical performance of LIBs. Here, we treated
three different widely studied anode electrodes (i.e., Li4 Ti5O12, TiO2 , and graphite) under
vacuum at 250 °C, and compared their electrochemical performance with and without
250 °C treatment. Without changing the composition of the fabricated electrodes, all the
250 °C treated electrodes exhibited enhanced specific capacities, and the lithium-ion
diffusion was improved with different degrees. By comparing the results of scanning
electron microscopy (SEM) and energy dispersive spectroscopy (EDS) of the pristine and
250 °C treated electrodes, the 250 °C treatment improved the distribution of
polyvinylidene difluoride (PVDF) binder in the electrodes, resulting in a higher porosity
of 250 °C treated electrodes. The results of X-ray photoelectron spectrometry (XPS) and
SEM from cycled electrodes confirmed that a uniform distribution of PVDF binder from
the 250 °C treatment played a positive role in the formation of a solid electrolyte
interphase (SEI) layer, thereby delivering higher capacities and capacity retentions than
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those of electrodes without heat treatment. The simplicity of this modification method
makes it the potential to build LIBs with high performance at a larger scale.

1. INTRODUCTION

Rechargeable lithium-ion batteries (LIBs) play a vital role in the development of
portable electronic devices and electric vehicles. 40-41 However, existing LIBs are facing
some challenges related to their low energy density and safety issues that hinder the
further application of LIBs. In particular, the choice and performance of the anode
material are critical factors that determine the performance of LIB. At present, graphite,
lithium titanate (Li4 Ti5O 12, LTO), and other metal-based materials (e.g., TiO2 , FeOx, and
SnO2) are among the most studied and the most promising anode materials. In practical
applications of these materials, the specific capacity could not reach their theoretical
capacities due to their own structural defects and the limitations of the manufacturing
process. Thus, in addition to synthesizing complex nanostructures to achieve higher
capacities, researchers have not ignored the improvement in the process of fabricating
electrodes, which is a particularly sensitive step during LIB production and will directly
affect the final quality of LIBs. 42
For a typical anode electrode, the components that affect its electrochemical
performance include the current collector, conductive material (carbon black), and binder
material in addition to the active material. The current collector plays the role of
collecting and conducting the electrons generated by the electrochemical reactions to the
external circuit; the primary role of the conductive material is to improve the electronic
conductivity; the role of the binder is to form a sponge-like structure, fix the particles
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(active material and conductive material) at specific locations, and bond the electrode
layer to the current collector to ensure the operation of LIBs. 43-44 In the past few years,
researchers have improved the status of electrode slurry and the structure of the current
collectors by enhancing the mixing for slurries and manufacturing the nanostructurebased current collectors, respectively.45-48 However, the strategies mentioned above
usually involve the production of expensive equipment or sophisticated synthetic
methods, which make these strategies difficult to achieve commercialization.
Among these three components, it is worth noting that the binder material also
affects the formation of the solid electrolyte interphase (SEI) on the electrode surface.
SEI is a passivation layer generated on the anode of LIB that can suppress the further
electrolyte decomposition. It plays a crucial role in determining the electrochemical
performance of anode in a LIB system. Yoo et al. studied the effects of polyvinylidene
difluoride (PVDF) binder distribution on electrode morphology, and they found that the
morphology of SEI film was determined by the distribution of binder, since the surface
covered by the binder would reduce the formation of SEI film. 49 Jeschull et al. also
reported that the SEI composition and thickness of graphite electrode varied depending
on the binder content.50 However, the distribution of the binder was not uniform in the
electrode, and the binder was aggregated during the electrode manufacturing process,
leading to a higher binder concentration at the surface of the electrode and a lower
concentration of binder at the bottom of the electrode.51-52 This phenomenon could lead to
specific capacity fade and electrode delamination from the current collector.53 To solve
this uneven distribution problem of the binder, we conducted an in-depth analysis of the
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fabrication process of the electrode and found a practical and straightforward method
to improve the electrochemical performance of anode electrodes.
In this study, we heat treated LTO, TiO2, and graphite electrodes under vacuum at
250 °C, which is a standard processing temperature of commercial PVDF that can lead to
a higher melt flow index without decomposition. The resulted electrodes exhibited much
higher specific capacities and better cycling stability than that of the electrodes without
heat treatment. By comparing the X-ray photoelectron spectroscopy (XPS) results of the
250 °C treated and pristine electrodes at fresh and cycled conditions, we confirmed that
the composition of the electrodes was not changed after the heat treatment, and the 250
°C treated electrodes generated more beneficial inorganic components in the SEI layer
than that of pristine electrodes after a long-term cycling test. Moreover, from the results
of scanning electron microscopy (SEM) images, we found that the improved
electrochemical performance of the 250 °C treated electrodes was mainly due to the heat
treatment, which led to a more uniform distribution of the binder. This straightforward
method for modifying anode electrodes of LIBs is exceptionally efficient, affordable, and
commercially promising.

2. EXPERIMENTAL SECTION

2.1. ELECTRODE FABRICATION
LTO, TiO2 , and graphite electrodes were fabricated by preparing slurry
constituting of active materials, carbon black (Alfa Aesar), and PVDF (Alfa Aesar) as the
binder in weight ratios of 80:10:10 (for LTO and graphite) and 70:20:10 (for TiO2)
dispersed in an appropriate amount of N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich).

106

Upon spreading the slurry on copper foil, the coated foil was dried in a vacuum oven
at 120 °C for 12 h. The dried-up coated foil punched into disks with an area of ~ 1.27
cm2, the mass loading in each electrode was ~ 1.3 to 1.6 m gcm -2. The heat treatment of
the electrodes was processed in a chamber under vacuum at 250 °C for 2 hrs with a
heating rate of 10 °C min-1, then naturally cooled down to room temperature with a
cooling rate of 5 °C min-1. From the beginning of heating until the temperature dropped
to room temperature, the chamber was under vacuum during the whole process.

2.2. MATERIAL CHARACTERIZATIONS
The compositions and crystal structure of the electrode, PVDF binder, and the
active materials with and without heat treatment were analyzed by using Fourier
transform infrared spectroscopy (FT-IR, Nicolet IS50) and X-ray diffraction (XRD,
Phillips Powder Diffractometer CuKa radiation), respectively. The thermal stability of
the PVDF binder was investigated with a thermogravimetric analysis (TGA, Q600 SDT
TA instrument). XPS (Kratos Axis 165, monochromatic AlKa radiation) was operated to
investigate the surface compositions of the pristine and 250 °C treated electrodes. The
cross-section of the graphite electrodes and the surface of all fresh and cycled electrodes
was visualized by SEM (FEI Helios NanoLab 600). The distribution of PVDF was
evaluated by fluorine mapping and line scanning using energy dispersive spectroscopy
(EDS, FEI Helios NanoLab 600). The morphology of the cycled TiO2 electrodes was
visualized by transmission electron microscopy (TEM, FEI Tecnai F30 G2 Twin). The
porosity of the electrodes before and after heat treatment was estimated by the n-butyl
alcohol immersion method and calculated using the following equation: Porosity (%) =
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/ Wwet- Wdry\
x 100%, where Wdry and Wwet are the weights of the electrodes before
( PbVp )
and after immersion in n-butyl alcohol (Sigma-Aldrich) for 2 h; P b and Vp are the
density of n-butyl alcohol and the apparent volume of the dry electrode, respectively. The
uptake of liquid electrolyte for electrodes with and without heat treatment were
investigated by weighting electrodes before (W0) and after soaking (W1 ) them in a
solution of 1 M LiPF6 in 1:1 (v/v) ethylene carbonate (EC)/dimethyl carbonate (DMC)
liquid electrolyte for 80 min. The values were calculated by using the following
equations: Uptake (%) =

x 100%.

2.3. ELECTROCHEMICAL MEASUREMENTS
The electrochemical performance of the active materials was investigated using
CR2032 coin cell. Lithium foils were used as the reference electrodes and the Celgard
2320 membrane was used as the separators. A commercial electrolyte consisting of a
solution of 1 M LiPF6 in 1:1 (v/v) EC/ DMC was applied. The cells were assembled in an
argon-filled glove box (< 0.1 ppm level of O2 and H2 O). The cycling performance was
examined at least three times by a battery test station (Neware Corp.) between potential
ranges of 0.1 V - 3.0 V and 1.0 V - 3.0 V for LTO and TiO2, and 0.01 V - 1.2 V for
graphite at room temperature at a rate of 1 C (1 C = 175 mA g-1, 168 mA g-1, 372 mA g-1
for LTO, TiO2 , and graphite, respectively). The electrochemical impedance spectra (EIS)
were investigated using a Biologic SP-150 Impedance Analyzer over a frequency range
from 1 Hz to 1 MHz with an amplitude of 5 mV. The cyclic voltammetry (CV) tests were
carried out within the potential range of each material with various scanning rates from
0.5 mV s-1 to 10.0 mV s-1 for LTO and TiO2, and 0.1 mV s-1 to 2.0 mV s-1 for graphite.
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3. RESULTS AND DISCUSSION

Figures 1a, 1c, and 1e display the FTIR spectra of LTO, TiO2 , and graphite
electrodes with and without 250 0C treatment, and the spectrum of pure PVDF powder is
added as a reference. The characteristic peaks of PVDF are labeled, corresponding to the
a-phase PVDF.54 From Figures 1a and 1c, there are several weak peaks in the spectra of
electrodes; all these peaks located at ~ 1400, 1178, and 873 cm-1 are from PVDF that
gathered on the surface of the LTO and TiO2 electrodes during the drying process.
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Figure 1. FTIR spectra of (a) LTO, (c) TiO2 , and (e) graphite electrodes with and without
250 0C treatment. The spectrum of PVDF is added as a reference. XRD profiles of (b)
LTO, (d) TiO2 , and (f) graphite powders and electrodes with and without 250 0C
treatment.
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For graphite electrodes (Figurele), no clear peaks are detected, perhaps
because the surface of the graphite electrode has less binder aggregation than the
electrode surface of LTO and TiO2 . This phenomenon is related to the relatively lower
density of graphite (2.21 g cm3) than that of LTO (3.50 g cm3) and anatase TiO2 (3.78 g
cm3), which results in no apparent aggregation of PVDF (1.76 g cm3) on the graphite
electrode surface (density data list in Table S1). Jaiser et al. and Font et al. reported a
similar phenomenon that the distribution of PVDF was affected by the various densities
of components in the slurry.53, 55 On the other hand, the content of PVDF in the electrodes
was relatively small (10 wt.%); this also explains why even though PVDF accumulated
on the surface of LTO and TiO2 electrodes, the FTIR spectra still showed only weak
peaks, and the peaks from PVDF were hardly visible from the FTIR spectrum of the
graphite electrode. In addition, the XRD profiles of the electrodes and active material
powders with and without heat treatment are shown as Figures 1b, 1d, and 1f. By
comparing the FTIR spectra and the XRD results of the electrodes, binder, and the active
materials with and without 250 °C heat treatment in Figure 1 and Figure S1 in Supporting
Information, we can see that no new peaks appeared and no original peaks disappeared
after heat treatment on electrodes and powders for both the FTIR and XRD results. In
particularly, the TGA results (Figure S1b) of PVDF shows that no weight loss until 430
°C. Together with the FTIR results of PVDF, it can be concluded that the PVDF binder
used in this study had no changes in the composition and phase after heat treatment at
250 °C.
Figure 2 shows EDS mapping of fluorine element and SEM images of the
electrodes with and without 250 0C treatment. The SEM images were taken at various
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magnifications for anode materials. The particle sizes of LTO and TiO2 are 300 - 350
nm and 20 - 30 nm, respectively; the thickness of natural flake graphite is < 15 nm
(Figure S2 in Supporting Information).

Figure 2. EDS mapping for fluorine element and SEM images with different
magnifications (low magnification for images in the middle and high magnification for
images on right) of (a, b) LTO, (c, d) TiO2, and (e, f) graphite electrodes (a, c, e) without
and (b, d, f) with 250 0C treatment.
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Figure 3. Fluorine element concentration profiles along the yellow scan line in the cross
sectional area of the (a) pristine graphite electrode and (b) 250 0C treated graphite
electrode.

Some small particles attached to these big particles/flakes were from the binder
PVDF and the conductive material carbon black. In Figures 2a, 2c, and Figure S3, from
the SEM images of LTO and TiO2 electrodes without the 250 0C treatment, there are
some big particles from the aggregates of LTO and TiO2 particles (pointed out by yellow
circles). For LTO electrode with 250 0C treatment (Figure 2b), its surface has fewer small
particles from binder and conductive carbon black and aggregates of LTO than those of
the electrode without treatment (Figure 2a). By comparing Figures 2c and 2d, it can be
seen that the 250 0C treated electrode showed less aggregation of TiO2 nanoparticles and
a more uniform distribution of binder and conductive materials (Figure 2d). It is well
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known that the homogeneity of the distribution of active particles in electrodes is a
critical parameter for achieving good particle interconnectivity with efficient conductivity
of LIB.56 Moreover, the porosities and liquid electrolyte uptakes of the electrodes before
and after 250 0C treatment were measured and the results are shown as Figure S4 in
Supporting Information. The porosities of 250 0C treated LTO, TiO2, and graphite
electrodes were ~ 67.2%, ~53.4 %, and ~ 83.4%, respectively, which increased by 28.8%,
25.1%, and 11.5%, respectively. All 250 0C treated electrodes showed better liquid
electrolyte uptake behavior than that of pristine electrodes, and the liquid electrolyte
uptake of LTO, TiO2 , and graphite electrodes increased by 33.9%, 30.4%, and 25.0%,
respectively. It is well known that the higher porosity leads to the higher
electrolyte/electrode contact area, which can shorten the lithium ion diffusion length in
the electrode and, thus, enhance the capacity.57 The effect of 250 0C treatment on the
electrode will have a positive effect on the battery performance. The EDS mapping and
the weight percentages obtained from EDS spectra of F element of the LTO and TiO2
electrodes are listed in Figure 2 and Table S2 (Supporting Information), respectively. The
pristine LTO and TiO2 electrodes exhibited a denser distribution than the 250 0C treated
ones, indicating that more binder particles gathered on the surface of pristine LTO and
TiO2 electrodes. The 250 0C treated LTO and TiO2 electrodes showed a sparse PVDF
distribution, which could be because the partially molten PVDF migrated to a position
farther away from the surface of the electrode after the temperature reached above the
melting point of PVDF (177 0C).
For SEM images of graphite electrodes in Figures 2e and 2f, the difference in
surface morphology between the electrodes with and without 250 0C treatment is not
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apparent. This could be due to the fact that graphite has a similar density as PVDF
binder. In contrast, LTO and TiO2 have higher densities than that of graphite, so the
graphite electrode without the treatment did not have an apparent aggregation of PVDF
binder on the electrode surface like LTO and TiO2 electrodes did. This is also consistent
with the conclusion obtained from Figure 1. However, it can be seen that the distribution
of F element became sparse after 250 0C treatment in the region where there were more
binder and conductive carbon black particles on the surface. Therefore, the 250 0C
treatment did have an effect on graphite electrodes, but it was not as significant as the
other two anode materials. Furthermore, thicker graphite electrodes (10 wt.% of PVDF
was mixed) were made in order to observe the distribution of the PVDF in the cross
section of them. After peeling off the copper foil, the cross-sectional EDS mapping and
line scanning results were obtained (Figure 3 and Figure S5 in Supporting Information).
For the pristine graphite electrode, it can be seen that more F distributed near the upper
edge (electrode surface), and less F distributed near the bottom edge (the interface
between the electrode film and the copper foil). In contrast, the 250 0C treated electrode
had a more uniform distribution of F. In general, 250 0C treatment improved the
distribution of PVDF binder; the surface morphology of the electrode had different
effects, which is related to the density of the active material in the electrode.
The compositions of electrodes with and without 250 0C treatment were
confirmed by XPS analysis. The results are shown in Figure 4. The survey scan of the
electrodes is displayed in Figure S6 (Supporting Information). In a fresh state, we can see
that the peaks did not shift, and there were no other peaks after the heat treatment. In the
core levels of C 1s of all three anode electrodes with and without 250 0C treatment
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(Figure 4a), there were three apparent peaks located at ~284.8 eV, ~290.9 eV, and ~
286.0 eV, which corresponded to the C-C, CF2, and CH2 from the conductive carbon
black and PVDF.58

Figure 4. Core levels of (a) C 1s, (b) F 1s, (c) O 1s, and (d) Ti 2p of LTO, TiO2, and
graphite electrodes with and without 250 0C treatment.
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A tiny peak in the core levels of C 1s in all electrodes at ~ 288.0 eV was
attributed to C=O from the surface adsorbed species.59 For F 1s (Figure 4b), the peak at ~
687.5 eV from all electrodes was from PVDF, and there was a weak peak at ~ 684.8 eV
for the LTO and TiO2 electrodes, which corresponded to fluorine binding to the Ti
carbide and, thus, resulting in the C-Ti-F bond.60-61 Core levels of O 1s are shown in
Figure 4c. The peaks located at ~ 530.5 eV and ~ 529. 3 eV corresponded to the oxygen
bond of metal-O from LTO and TiO2 materials.62 The weak peaks of graphite electrodes
at ~ 531.8 eV and ~ 533.8 eV in O 1s due to the contribution of extrinsic contamination
were assigned to -OH and H2 O, respectively.63-64 Core levels of Ti 2p (Figure 4d) showed
two peaks at ~ 459.5 eV and ~ 465.1 eV for the TiO2 electrodes, which corresponded to
Ti 2p3/2 and Ti 2p1/2.65 For LTO, the core levels of Ti 2p showed two sets of peaks,
situated not only at ~ 464.4 eV and ~ 458.8 eV, corresponding to the 2p1/2 and 2p3/2 peaks
of Ti4+, but also at ~ 462.8 and ~ 457.9 eV, associated with the 2p1/2 and 2p3/2 peaks of
Ti3+.66-67 Quantitatively, the ratio of Ti4+: Ti 3+ was ~ 2.18 for both electrodes with and
without the 250 0C treatment, a value derived from the corresponding areas of the fitted
Ti4+ 2p3/2 and Ti3+2p3/2 peak regions. The results in Figure 4d indicated that the heat
treatment did not change the valence state of Ti ions.Furthermore, the weight percentages
of F element calculated from the XPS analysis results are listed in Table S2, which is
consistent with the conclusion obtained from EDS spectra. In general, from the XPS
results of LTO, TiO2, and graphite electrodes with and without 250 0C treatment shown
in Figure 4, we can conclude that there was no composition change in all electrodes from
three different materials and conditions (at least within the XPS detection depth of ~ 5
nm) after treatment at 250 0C.
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Table 1. Properties of PVDF binder used in electrodes.
Properties
Density
Melting Point
Melt viscosity (at 230 °C)

Units
g cm_33
C
Pa-s

Values
1.76
155 to 160
2.35 to 2.95

To better interpret the above-mentioned characterization results, a schematic
diagram is shown in Figure 5 to illustrate the effects of heat treatment at 250 0C on the
electrodes. As we mentioned in introduction, during the electrode manufacturing, uneven
distribution of PVDF binder occurs in the process of drying, which has a negative impact
on the electrochemical performance of the electrode. PVDF would reach an utterly
molten state when the dry electrode was placed in a reduced pressure environment at 250
0C for 2 h, which is much higher than the melting point of PVDF (Table 1). According to
the PVDF product information provided by the supplier, the PVDF used in this study has
a melt viscosity of 2.35 to 2.95 Pa-s, which means that PVDF has a reasonable fluidity in
the molten state.

PVDF: uneven distribution

PVDF: completely melted.
shows strong fluidity

As prepared
(room temp.)
: Active material particle

PVDF: evenly dispersed in
the electrode

Heat treatment

Cooled

(250 C)

(room temp.)

: PVDF

: Carbon black

Figure 5. Illustration of the 250 0C treatment to improve the distribution of PVDF binder
in the electrode and to further enhance the electrochemical performance of the electrode.
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Therefore, under the heat treatment conditions of this study, the molten PVDF
tends to be uniformly dispersed as a whole, rather than concentrated on the surface,
which may be related to the effect of gravity, capillary action and surface tension. Then,
the molten PVDF would recrystallize to the spherulite state when the electrode was
naturally cooled to room temperature.68 Thus, we can obtain electrodes with a more
uniform distribution of PVDF binder, which has a positive effect on the electrochemical
performance of the anode electrodes.

| O250°C tre a te d LTO e le c tro d e
ALTO e le c tro d e

0 .5 C

1C

2C

5C

10 C

0.5 C

Figure 6. Cycling and rate performance of (a) LTO, (b) TiO2, and (c) graphite electrodes
with and without 250 0C treatment.
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Figure 6 shows the cycling and rate performance of the electrodes with and
without 250 0C treatment. For LTO (Figure 6a), the pristine electrode delivered an initial
capacity of 106 mAh g-1 and decreased to 79 mAh g-1 after 500 cycles of
charge/discharge. The 250 0C treated LTO electrode had an initial capacity of 201 mAh g1 and retained at 164 mAh g-1 after 500 cycles. For the TiO2 anode material (Figure 6b),
the 250 0C treated TiO2 electrode reached an initial capacity of 271 mAh g-1; after 500
cycles, the electrodes still delivered 214 mAh g-1, corresponding to 79.0 % of its initial
capacity. For the pristine TiO2 electrode, the initial capacity was 206 mAh g-1, and only
69.0 % of initial capacity retained after 500 cycles. In Figure 6c, the 250 0C treated
graphite electrode also exhibited the highest capacity of 320 mAh g-1 after the first 50
cycles of charge/discharge, which is higher than that of the pristine graphite electrode
(276 mAh g-1). The capacities of the commercial anode materials obtained above are
reasonable by comparing with other literatures. 69-74 In general, the 250 0C treated
electrodes did not significantly change the cycling performance characteristics of the
materials due to the fact that the treatment did not change the intrinsic properties of the
active materials. We compared the mass change of the electrode before and after heat
treatment, and the analytical balance (readability of 0.1 mg) showed that there was no
mass change on the electrode. Therefore, we also excluded the influence of dehydration
on the electrochemical performance of the electrode. The LTO electrodes always showed
an excellent stability for the cycling test. Both the pristine and 250 0C treated TiO2
electrodes showed a decline in the first 100 cycles, followed by a gradual increase for the
subsequent 400 cycles; this is not an unusual phenomenon (the capacity decay first and
then increase with the increase in the number of charge/discharge cycles), since it has
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been widely reported for transition-metal-oxide anode materials due to the gradual
activation process of the electrodes.75-77 All of the graphite electrodes showed a sharp
decrease during the first 10 cycles and then a rapid increase, which is attributed to the
process from the beginning of SEI layer formation before reaching stability.78 The
capacities and capacity retentions have been improved to varying degrees, which could
be due to the fact that the treatment at 250 0C improved PVDF distribution on the surface
of electrodes, and thus helped the formation of a uniform SEI layer during the charge and
discharge processes and reduced the interfacial resistance. The Nyquist plots, equivalent
circuit model, and the EIS fitting results are shown in Figure S7 and Table S3, which
were obtained from the cells that completed formation (but not yet tested) and after long
term cycling test. It can be seen that most plots showed three semicircles in high and
middle frequency regions, corresponding to the surface film resistance (Rf), the resistance
of formed SEI layer (Rsei), and the charge transfer resistance (Rct). After formation, it can
be seen that the Rtot (Rtot=Rf+RsEi+Rct) of 250 0C treated electrodes were smaller than that
of pristine electrodes, but reached a higher RSEI, which can be attributed to the formation
of the uniform SEI layer of the 250 0C treated electrodes. After long-term cycling test, the
Rtot of all electrodes increased, however, the 250 0C treated electrodes had a smaller
increase in Rtot than that of pristine electrodes, especially for RSEI, which means that the
heat treatment at 250 0C enabled the electrode to form a robust SEI layer during the
formation process and remained stable during a long-term cycling test.
For the rate performance of these three anode materials, the capacities of the
electrodes reduced as the C rate increased. All the 250 0C treated electrodes showed a
better rate capability than that of pristine electrodes, while maintaining the overall trend
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of the rate performance of each material. Furthermore, the cycling performance of the
LTO and TiO2 electrodes with and without 250 0C treatment within the potential range of
1.0 - 3.0 V were compared (Figure S8 in Supporting Information). The 250 0C treated
LTO and TiO2 electrodes also showed capacity increase, which have similar tendency as
well as 0.1 - 3.0 V. This improvement could come from the effects of heat treatment on
the PVDF distribution in the fabricated anode electrodes, which resulted in a higher
porosity and better lithium-ion diffusion of electrodes, and ultimately improved the
overall electrochemical performance.
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□ 250°C treated graphite electrode
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Figure 7. Plot of the peak current and scan rate (v1/2) of the (a) LTO electrodes, (b) TiO2
electrodes, and (c) graphite electrodes with and without 250 0C treatment.
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Table 2. Calculated DlC values of LTO, TiO2 , and graphite electrodes.
E lectro d es

LTO
TiO2
G rap h ite

P ristin e
250 °C treated
P ristin e
250 C treated
P ristin e
250 C treated

A n o d ic
3.2 x
5.5 x
5.3 x
6.8 x
1.2 x
1.5 x

DLi+ (cm 2 s-1)
P eaks
C ath o d ic P eaks
10-12
8.7 x 10-13
10-12
1.6 x 10-12
10-12
5.2 x 10-12
10-12
5.2 x 10-12
10-11
5.6 x 10-12
10-11
7.3 x 10-12

In order to investigate the lithium-ion diffusion properties, we performed cyclic
voltammetry (CV) measurements with various scan rates from 0.5 mV s"1to 10.0 mV s"1
for LTO and TiO2 and 0.1 mV s"1to 2.0 mV s"1for graphite (Figure S9 in Support
Information). Figure 7 shows the linear relationship between the peak current (/p) and the
1

square root of the scan rate (v2) for the electrodes, which reveals the linear semi-infinite
diffusion in the cathodic/anodic processes. Therefore, the diffusion coefficient (D) of the
materials can be calculated through the Randles-Sevcik equation:
3

1 1

Ip = 2.69 X 10sn2v2D2AC

(1)

In this equation, 2.69x105 is a constant at room temperature with a unit of C mol-1V"1/2, Ip
is related to the number of electrons involved in the intercalation (n), surface area of the
electrode per unit weight of active materials (A), concentration of lithium-ion in active
materials (C), scan rate (v), and diffusion coefficient (D). The apparent lithium-ion
diffusion coefficients of electrodes are listed in Table 2. It can be seen that each anode
material exhibited different degrees of improvement. These improvements can be
ascribed to the enhanced porosity of the electrodes due to a better distribution of binder
and less aggregation of active material particles after 250 0C heat treatment. Among these
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anode materials, the improvement of the lithium-ions diffusion of LTO is the most
obvious, followed by TiO2 , and the improvement of graphite is the most unexpressive of
the three materials.
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Figure 8. XPS spectra of the LTO, TiO2 , and graphite electrodes with and without 250 0C
treatment after 1000 cycles of discharge and charge at 1 C:(a) F 1s, (b) C 1s, and (c) O 1s.
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This difference is related to varying degrees of uneven distribution of PVDF
binder in the drying process due to the different densities of active materials mentioned
above, thus, the effect of 250 0C treatment on the electrodes is various. The degree of
improvement in lithium-ion diffusion is consistent with the different improvements in
surface morphology and electrochemical performance of these three active materials, as
shown in Figure 2 and Figure 6. XPS spectra were taken from the LTO and graphite
electrodes after 500 cycles of charge/discharge at a 1 C rate and TiO2 electrodes after
1,000 cycles of charge/discharge.
The survey spectra of these electrodes are shown in Figure S10 (Supporting
Information). The peaks of Ti 2p on the surface of LTO and TiO2 electrodes could not be
detected by XPS, which could be because that the thickness of the Ti-free SEI layers
generated exceeded the detection limit of XPS.In the F 1s spectra (Figure 8a), the
difference in the results of the cycled electrodes with and without 250 0C treatment is
significant. Compared with the F 1s spectra of the pristine electrodes, all 250 0C treated
electrodes showed stronger LiF peaks than that of LiPFyOz 79-80 (Table S4 in Supporting
Information), and no peak from PVDF was detected in the F 1s spectra. This indicates a
LiF-rich SEI layer formed on the 250 0C treated electrodes, at least ~ 5 nm (detection
limit of XPS) from the electrode surface that can be attributed to the more homogeneous
distribution of PVDF in the 250 0C treated electrodes, which is different from the
aggregation of PVDF on the surface of pristine electrodes. In the C 1s spectra (Figure
8b), compared with the pristine electrodes, all 250 0C treated and cycled electrodes had a
peak of -CO3 group.81 Furthermore, in the O 1s spectra (Figure 8c), the electrodes of
different materials showed various changes. For LTO, the difference between the 250 0C
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treated and pristine electrodes was very small (Table S4). For the TiO2 electrodes, no
ROLi was detected on the surface of the 250 0C treated electrode, while the surface of the
pristine electrode contained 7.7 at.% ROLi. The O 1s spectra of 250 0C treated graphite
presented a clear peak from Li2 O, but the pristine electrode did not have such a peak,
indicating that more Li2 O generated in the surface layer of the 250 0C treated graphite
electrode after charge/discharge cycling.82 Li2 O is beneficial, and it has been reported to
effectively enhance the mechanical stability and ionic conductivity of the SEI layer.83
According to the XPS results shown in Figure 8 and Table S4, the SEI layers formed on
the surface of the 250 0C treated electrodes are LiF and Li2CO3 rich. As we know, Li2CO3
is a stable and insoluble compact inorganic compound in the SEI layer, and it is essential
for improving the specific capacity by reducing the interfacial resistance and enhancing
the rate capability by facilitating the lithium ion diffusion.84-85 LiF has also been proven
to be a beneficial SEI component. A LiF-rich SEI layer is helpful in accelerating lithium
ion migration, improving the uniformity of the SEI layer, and subsequently enhancing the
electrochemical performance of anode materials.86 In particular, the LiF-rich SEI layer
has the ability to alleviate the gassing issues of the LTO-based materials.87-88 Therefore,
from the XPS results shown in Figure 8 and Table S4, we summarize that the SEI layers
of inorganic-rich were generated during the charge/discharge cycling of the 250 0C
treated electrodes due to the fact that the 250 0C treatment alleviated the aggregation of
PVDF binder on the electrode surface, which bolstered the diffusion of lithium-ions,
generated more uniform SEI layers and, thus, resulted in higher specific capacities and
better rate capabilities.

Graphite electrodes

Ti02 electrodes

LTO electrodes
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Figure 9. SEM images with different magnifications (low magnification on the left and
high magnification on the right) of the cycled (a, b) LTO, (c, d) TiO2 and (e, f) graphite
electrodes (a, c, e) with and (b, d, f) without 250 0C treatment.
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Figure 10. TEM images of (a) cycled pristine TiO2 electrode and (b) cycled 250 0C
treated TiO2 electrode.

The surface morphology of cycled electrodes was investigated by taking SEM
images of LTO and graphite electrodes after 500 cycles of charge/discharge, and TiO2
electrodes after 1,000 cycles of charge/discharge. By comparing Figures 9a and 9b, it can
be seen that the 250 0C treated LTO electrode after cycling shows a relatively clean and
uniform surface, and the particles on the surface were fully covered with a dense and
continuous film (Figure 9a). In contrast, the particles on the surface of cycled LTO
electrode without treatment (Figure 9b) shows a similar morphology as the electrode at
fresh state (Figure 2a and Figure S3 in Supporting Information), and there are some
flakes attached to the surface instead of a robust layer (pointed out by yellow arrows in
Figure 9b). According to the XPS analysis (Figure 7) and EDS mapping results (Figure
S12 in Supporting Information) of the cycled electrode, this phenomenon can be
attributed to the formation of fragmented SEI crystallites caused by uneven PVDF binder
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distribution.89-90 For TiO2 electrodes (Figures 9c and 9d), there is an uneven layer
formed on the surface of pristine TiO2 electrode after cycling (Figure 9c). This is because
that the generated SEI layer caused by uneven PVDF distribution was fractionally thick.
In contrast, the 250 0C treated TiO2 electrode shows a porous and loose surface (the SEM
image of the fresh 250 0C treated TiO2 electrode with a magnification of 25,000X shown
in Figure S13 in Supporting Information as a reference) after 1,000 cycles of
charge/discharge, because the uniformly distributed PVDF led to a uniform and relatively
thin SEI layer formed on the surface of electrode. The difference in the surface
morphology of cycled graphite electrode between with and without 250 0C treatment is
significant. It can be seen that the entire surface of the graphite electrode was covered
with a dense film, and almost no binder and carbon black particles can be observed
(Figure 9e). For the cycled graphite without treatment, there is no continuous and
uniform film fully covering the electrode surface. Similar to the cycled LTO electrode
without treatment, some flakes attached to the surface of graphite electrode (Figure 9f
and Figure S14 in Supporting Information); the cause of this phenomenon of graphite
electrode is the same as that of the LTO electrode. In general, from the differences in the
surface morphology of these three different anode electrodes after cycling, anode
electrodes without the 250 0C treatment tended to form an uneven SEI layer on the
interface, which was not stable and could led to high loss of lithium-ions during the
charge and discharge.91 Moreover, the TEM images of the pure TiO2 nanoparticles and
the particles obtained from the electrodes with and without heat treatment after 1,000
cycles of charge/discharge are shown in Figure S15 and Figure 10, respectively, to check
the morphology of the SEI layers. In Figure10a, it can be seen that a conformal SEI layer
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was partially formed on the surface of the particles from the pristine electrode, the
thickness of these SEI layers varies from 5 nm to 70 nm. In contrast, the SEI layer
formed on the surface of particles from the treated electrode has a more uniform
thickness of 5 - 20 nm than that of pristine cycled electrode.

Pristine
electrolyte

250°C treated
electrolyte

: pvdf
Inorganic SEI components
Organic SEI components

Figure 11. Illustration of the 250 0C treatment to improve the SEI layer formation and
composition by enhancing the distribution of PVDF binder.

Together with the conclusions from the XPS results, it can be known that the
insoluble and robust inorganic-rich SEI layer was formed on the surface of 250 0C treated
electrodes uniformly after charge/discharge cycling, indicating more stable protection and
lower interfacial resistance provided by such an SEI layer. According to the XPS and
SEM results from the cycled electrodes, the effects of 250 0C treatment on SEI layer
formation and composition are illustrated in Figure 11. A pristine electrode reached an
uneven aggregation of PVDF binder on the surface. The formation of the SEI layer is
suppressed on the surface where there is more PVDF. The region with less PVDF would
form a thick SEI component stack. For the electrodes with the 250 0C treatment, it forms
a uniform and inorganic-rich SEI layer, and such a stable SEI layer would result in less
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loss of lithium-ions during the charge/discharge process and low interfacial
resistance, thereby improving the electrochemical performance of the anode electrode.

4. CONCLUSIONS

In this work, we have implemented an extremely simple and effective method to
improve the electrochemical performance of the LTO, TiO2, and graphite electrodes,
which is the heat treatment on the electrodes at 250 °C under vacuum. The 250 °C treated
electrodes exhibited higher specific capacities than that of pristine electrodes in the
charge/discharge cycling and rate performance tests. The improvement of
electrochemical performance is attributed to the heat treatment at 250 °C, which solved
the problem of uneven distribution of PVDF binder during the electrode drying process;
the molten PVDF at 250 °C dispersed to other regions of the electrode instead of
gathering on the electrode surface. The 250 °C treatment facilitates a uniform and
inorganic-rich stable SEI layer formed on the surface of anode electrodes. Subsequently,
the irreversible loss of lithium-ions was debilitated to achieve a higher specific capacity.
This improvement in electrochemical performance of anode materials can be achieved
with such a simple method that has a promising potential for application in the LIBs
industry.
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SUPPORT INFORMATION

The following additional information is listed in this Supporting Information file,
including Table S1, density data of the materials in electrodes; Table S2, Weight
percentages of F element of the electrodes; Table S3, electrochemical impedance spectra
fitting results of electrodes.

Table S1. Density data of the materials in electrodes.
Density (g cm -3)
Binder
Conductive material
Active materials

PVDF
Carbon black
TiO 2
LTO
Graphite

1.76
1.70
3.78
3.50
2.21

Table S2. Weight percentages of F element of the electrodes obtained from EDS spectra
and XPS analysis.
Electrodes

LTO

TiO2

F element (wt. %)
---------------------------------------------EDS spectrum
XPS analysis

Pristine

4.43

3.43

250 0C treated

4.04

1.81

Pristine

4.80

3.47

250 0C treated

3.14

Pristine

4.59
-

2.49

250 0C treated

-

2.44

Graphite
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Table S3. Electrochemical impedance spectra fitting results of electrodes after 1 C
cycling performance test.
After formation

After long-term cycling

Electrodes

LTO
TiO2
Graphite

Pristine
250°C treated
Pristine
250°C treated
Pristine
250°C treated

Rf(fi)

R sei(O)

Rct(H)

Rtot(O)

Rf(H)

R sei(O)

Rct(fi)

Rtot(O)

8.6
6.0

39.6
55.2

164.6

212.8

20.1

101.2

11.9
9.3
15.1
19.8

10.4
22.1

162.4
95.8
75.9
89.1
85.0

25.2
19.2
17.6
28.8
29.6

183.6
103.4
45.3
37.5
23.1
30.1

492.9
290.1
41.2
34.2
76.9
55.4

696.6
418.7
105.7
89.2
128.8
115.2

18.0
27.2

73.6
44.6
56.0
38.0

Table S4, binding energies and atomic concentrations of all cycled electrodes;
Figure S1, FTIR spectra of PVDF before and after heat treatment and the TGA curve of
PVDF; Figure S2, SEM images of pure active material powders or flakes; Figure S3,
SEM images of fresh LTO electrodes with and without heat treatment; Figure S4,
porosity and liquid electrolyte uptake of the electrodes with and without heat treatment;
Figure S5, SEM image and EDS mapping of the cross-section area of the graphite
electrodes; Figure S6, XPS survey spectra of all fresh electrodes; Figure S7, Nyquist
plots of the electrodes; Figure S8, cycling performance of LTO and TiO2 within 1.0- 3.0
V; Figure S9, CV curves of electrodes at different scan rates; Figure S10, XPS survey
spectra of the cycled electrodes.
Figure S11, SEM images of fresh LTO electrode without heat treatment; Figure
S12, SEM image and EDS mapping of pristine LTO electrode after 500 cycles of
charge/discharge; Figure S13, SEM images of fresh TiO2 electrode with heat treatment;
Figure S14, SEM image and EDS mapping of pristine graphite electrode after 500 cycles
of charge/discharge; Figure S15, TEM images of pure TiO2 nanoparticles.
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Table S4. Binding energies (BE) and atomic concentrations (at.%) of three anode
materials with and without 250 0C treatment, identified by XPS at the surface of the
electrodes cycled after 1,000 charge/discharge cycles.
Anode
Material
LTO

Pristine
Orbital
F1s

C 1s

O 1s

TiO 2

F 1s

C 1s

O 1s

Graphite

F 1s

C 1s

250 0C treated

Assignment

BE (eV)
684.4

at %
42.8

BE (eV)
684.3

at %
56.0

LiF

686.8

45.5

686.6

44.0

LiPF y O z

687.8

11.7

284.8

32.7

284.7

47.4

C-C

286.4

7.4

286.4

13.3

CH 2

288.6

4.3

Li 2 CO 3

289.9

60.0

289.7

35.1

CF 2

528.0

3.5

527.9

2.8

Ti-O from LTO

529.6

3.5

529.9

8.1

ROLi

PVDF

531.5

93.0

531.4

89.1

C=O

684.1

58.3

684.2

100.0

LiF

686.7

19.2

688.1

22.5

282.7

6.6

282.7

1.2

Ti-C

284.9

45.0

284.7

55.6

C-C

286.4

18.5

286.2

18.6

CH 2

288.7

12.4

Li 2 CO 3

290.1

30.0

290.3

12.1

CF 2

528.6

33.7

528.3

17.1

Ti-O from TiO 2

530.5

8.8

532.0

57.5

531.4

82.9

C=O

683.7

33.4

684.1

59.2

LiF

686.1

52.4

686.4

40.8

LiPF y O z

687.0

14.2

284.8

44.9

284.8

35.8

C-C

286.4

21.4

286.4

16.5

CH 2

288.4

7.7

Li 2 CO 3

289.8

40.0

CF 2

527.8

19.8

L i-O

289.7

33.6

O 1s

LiPF y O z
PVDF

ROLi

PVDF

529.7

15.7

529.3

3.1

ROLi

530.9

84.3

531.0

77.1

C=O
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Figure S1. (a) FTIR spectra of PVDF before and after 250 0C treatment, and (b) TGA
curve of the PVDF used in this study.

Figure S2. SEM images of (a) LTO powders, (b) TiO2 powders, and (c) graphite flakes.
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Electrolyte Uptake (%)

Figure S3. SEM images of fresh LTO electrodes (a) before and (b) after 250 °C heat
treatment.

Time (min)

Figure S4. (a) Porosity of LTO, TiO2 , and graphite electrodes before and after 250 0C
treatment. Liquid electrolyte weight uptake vs. time for pristine and 250 0C treated
electrodes: (b) LTO, (c) TiO2 , and (d) graphite.

135

Figure S5. SEM image and EDS mapping of the cross-sectional area of (a) pristine
graphite electrode and (b) 250 0C treated graphite electrode.

Intensity (A.U.)
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Figure S6. XPS survey spectra of fresh electrodes: (a) LTO, (b) TiO2 , and (c) graphite.

Figure S7. Nyquist plots of (a) LTO, (b) TiO2, and (c) graphite electrodes tested at a 1 C
rate with a potential range of 0.1 V - 3.0 V at 0th (after the formation at a 0.1 C rate for 3
cycles) and after long-term cycling. (d) Equivalent circuit.
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Figure S8. Cycling performance of (a) LTO and (b) TiO2 with and without 250 0C
treatment within a potential range of 1.0 - 3.0 V.
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Figure S9. CV curves of (a) pristine LTO, (b) 250 0C treated LTO, (c) pristine TiO2 , and
(d) 250 0C treated TiO2 electrodes at different scan rates of 0.5, 1.0, 2.0, 5.0, and 10.0 mV
s-1. CV curves of (e) pristine graphite and (f) 250 0C treated graphite electrodes at
different scan rates of 0.1, 0.5, 1.0, and 2.0 mV s-1.
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Figure S10. XPS survey spectra of electrodes: (a) LTO after 500 cycles, (b) TiO2 after
1000 cycles, and (c) graphite after 500 cycles.

Figure S11. SEM image of fresh LTO electrode without 250 0C treatment.
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Figure S12. SEM image and EDS mapping of pristine LTO electrode after 500 cycles of
charge/discharge.

Figure S13. SEM image of fresh TiO2 electrode with 250 0C treatment.
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Figure S14. SEM image and EDS mapping of pristine graphite electrode after 500 cycles
of charge/discharge.

Figure S15. TEM images of pure TiO2 nanoparticles.
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IV. HIGH SAFETY AND LONG-LIFE LITHIUM BATTERIES WITH
LOW LEAKAGE AND HIGH WETTABILITY CERAMIC-POLYMER
ELECTROLYTE

Ye Jin, Han Yu, Yan Gao, Xinhua Liang
Department of Chemical and Biochemical Engineering, Missouri University of Science
and Technology, Rolla, Missouri 65409, United States

ABSTRACT

The development of ceramic polymer electrolyte with high mechanical and
electrochemical properties is the key to address the safety issue of high-performance
lithium batteries due to the use of flammable organic liquid electrolytes. In this work, we
designed and synthesized a flexible low liquid leakage and high wettability ceramic
polymer electrolyte (CPE) based on poly(vinylidene fluoride) (PVDF)- poly(ethylene
oxide) (PEO)-y-AhO3 membrane with excellent mechanical and thermal stability. After
being wetted by a small amount of LiPF6-based liquid electrolyte, the symmetrical Li,
Li/LiFePO4 (LFP), and LFP/Li4Ti5O12 (LTO) cells with this PVDF/PEO-y-AhO3-LiPF6
CPE displayed better cycling stabilities than that of commercial Celgard 2320 separator
which with a sufficient amount of liquid electrolyte. Such a CPE that requires only a
small amount of liquid electrolyte to achieve the desired electrochemical performance of
lithium batteries can greatly reduce the cost of the battery production, and its low liquid
leakage characteristic also enhances the safety of the lithium batteries, which makes the
CPE has the potential to replace the commercial separators.
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1. INTRODUCTION

Leakage of flammable organic liquid electrolytes is one of the most critical issues
related to the safe usage of conventional lithium-ion batteries (LIBs). The low thermal
stability and low flame point of the organic solvent in electrolytes can cause fire
accidents and explosion. To date, various polymers have been chosen as candidates of
polymer matrix for solid polymer electrolytes to solve the safety issues of the traditional
LIBs with liquid electrolyte, such as poly(vinylidene fluoride) (PVDF) [1,2],
poly(ethylene oxide) (PEO) [3,4], poly(methyl methacrylate) (PMMA) [5,6], polyvinyl
alcohol (PVA) [7,8], and poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP)
[9,10]. These materials with good affinity are easily swollen and wetted by electrolyte
solution, leads to high uptake and low leakage of electrolyte solution. However, the
partially crystalline structures formed in the electrolytes due to long polymer chain
packing at room temperature usually lead to poor ionic conductivities [11]. Therefore,
achieving a high wettability and low leakage solid polymer electrolyte with good ionic
conductivity at normal operating temperatures remains a key challenge prior to its
practical use.
So far, some methods have been used to suppress the crystallization of the
polymers at room temperature, such as adding plasticizers and blocking
copolymerization; however, these strategies still cannot achieve satisfying ionic
conductivity [12,13]. The other method was polymer blending to form microporous
polymer electrolytes (MPEs), which could not only suppress the crystallization of
polymers but also provide channels to facilitate ion transport [14,15]. In MPEs, the
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polymer matrix absorbs liquid electrolyte to act as the primary ion diffusion medium.
In the meanwhile, the matrix ensures good mechanical properties, and thus effectively
reduces the leakage of liquid electrolyte [16-18]. PVDF/PEO polymer blend is one of the
most promising recipes for MPEs, because it inherits not only preferable characteristics
of PVDF/PEO-based membranes, such as excellent electrochemical stability, mechanical
properties and affinity for liquid electrolyte, but also possesses high porosity and high
ionic conductivity due to the addition of PEO [19,20]. Furthermore, some nano-sized
ceramic particles are also added to the electrolytes as fillers, such as AhO3 [21,22], SiO2
[23,24], and TiO2 [9,25], in order to enhance both physical and electrochemical
properties, reduce the crystallization, and improve the thermal stability, and their sizeable
surface-to-volume ratio are beneficial to stabilize the electrolyte/Li interface. Among
these ceramic fillers, y-AhO3 nanoparticles have received considerable attention because
of their high adsorptive ability, surface activity, and surface enrichment of reactive
functional hydroxyl groups, which can further enhance the hydrophilicity and fouling
resistance of membranes [26].
In this study, a flexible and stable polymer based membrane was prepared in a
convenient way, the raw materials used to fabricate the membrane are common
commercial materials. According to the previous reports on PVDF/PEO blend, the weight
ratio of PVDF/PEO blend in this work was selected as 7:3 to form a polymer matrix, and
y-AhO3 nanoparticles were added to the blend as ceramic fillers, and then the membrane
was wetted by a small amount of LiPF6-based liquid electrolyte. This PVDF/PEO-yAhO3 membrane showed a high porosity of 56%, high wettability, and low liquid
electrolyte leakage. The PVDF/PEO-y-AhO3-LiPF6 based ceramic polymer electrolyte
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(CPE) showed better electrochemical properties than that of Celgard 2320 which with
a sufficient amount of liquid electrolyte. In addition, the cycling stability of the
symmetrical Li, Li/LiFePO4 (LFP), and LFP/Li4 Ti5O 12 (LTO) cells using the CPE also is
better than that of cells with Celgard 2320.

2. EXPERIMENTAL SECTION

2.1. ELECTRODE FABRICATION
For the electrodes of symmetrical Li cells with CPE and Celgard 2320, the Li
metal foils were punched into round discs with an area of ~ 1.27 cm2, and a copper foil
was used as current collector. For full cell tests, commercial LTO or LFP powders were
mixed with carbon black (Alfa Aesar) and PVDF (Alfa Aesar) in a weight ratio of
80:10:10, and dispersed in n-methyl-2-pyrrolidone (NMP, Sigma Aldrich). After
spreading the mixture on copper foil (for LTO anode) or aluminum foil (for LFP
cathode), the coated foils were dried in a vacuum oven at 80 °C for 12 hrs. The punched
discs for full cells have an area of ~ 1.27 cm2, and the loading masses in each LTO and
LFP electrodes were ~ 2.60 mg cm-2 and ~ 2.25 mg cm-2, respectively, which leads to an
N/P (negative to positive electrodes) ratio of ~ 1.15.

2.2. CERAMIC-POLYMER ELECTROLYTE SYNTHESIS
PVDF/PEO-y-Al2O3 membranes were prepared by dissolving and stirring 0.265 g
PVDF and 0.115 g PEO (Sigma Aldrich) (PVDF/PEO = 7/3 w/w) in 6 mL
dimethylformamide (DMF, Sigma Aldrich) at 60 0C for more than 4 hrs. Then, different
weight ratios of y-AhO3 nanoparticles (0, 5, 10, 20, and 30 wt.% of PVDF+PEO, US
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Research Nanomaterials, Inc.) were added to the PVDF/PEO mixture and bathsonicated for 2 hrs. For casting, the mixture was transferred to a CR2032 positive case,
then evacuated and dried at a low temperature of < 50 0C overnight (Figure 1).
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Figure 1. Schematics of synthesis process of PVDF/PEO-y-Al2O3 membranes.

The dried membranes were peeled off from the positive cases and measured with
a thickness meter as 0.018 to 0.020 mm, and the weight range of membranes was 0.0135
to 0.0140 g with a diameter of 2.0 cm. Then, the obtained membranes were soaked into a
liquid electrolyte (Sigma Aldrich) of 1 M LiPF6 in 1:1 (v/v) ethylene carbonate
(EC)/dimethyl carbonate (DMC) in a glove box to get PVDF/PEO-y-AhO3-LiPF6 CPE.

2.3. MATERIALS CHARACTERIZATION
Fourier transform infrared spectroscopy (FT-IR) was performed using the Nicolet
IS50 spectrometer to investigate the compositions of the PVDF/PEO-Y-AhO3 membranes
and Celgard 2320 separators. The porosities of the membrane and Celgard 2320 were
estimated by the n-butyl alcohol immersion method using n-butyl alcohol (Sigma
Aldrich) and calculated using the following equation [27]:
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Porosity = ( Wwet Wdry\ x
J V PbVp J

100

%

(1)

where Wdry and Wwet are the weights of a membrane or a Celgard 2320 separator before
and after immersion in n-butyl alcohol for 1 hr; pb and Vp are the density of n-butyl
alcohol and the apparent volume of the dry membrane or Celgard 2320, respectively.
The uptake and leakage of liquid electrolyte for membrane and Celgard 2320
were estimated by weighting membrane and Celgard 2320 before (W0) and after soaking
(W 1) them in a solution of 1 M LiPF6 in 1:1 (v/v) EC/ DMC liquid electrolyte for 2 hrs.
The values were calculated by using the following equations:
Uptake (%) =

x 100%

(2)

Leakage (%) = ( i t - ! ) x 100%

(3)

where We is the weight measured after a wet membrane or Celgard 2320 were placed
between two pieces of filter paper and pressed by a 100 g glass plate on the top of filter for
2 hrs [28].
The thermal stabilities of dry membrane and Celgard 2320 were analyzed using a
Q600 SDT TA instrument. The heating was from room temperature to 800 0C with a
ramping rate of 10 0C min-1 under an argon (Ar) atmosphere. Scanning electron
microscopy (SEM) of the membrane was performed using Helios Nano Lab 600
equipped with an Oxford Energy Dispersive Spectrometer (EDS), to observe the cross
section of membrane, when the membrane was broken after soaked in liquid nitrogen.
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2.4. BATTERY ASSEMBLY
All battery assembly was finished in an Ar-filled glovebox. Li electrodes (with
copper foil as a current collector) were used as both cathode and anode for symmetrical
Li cells. LFP electrode and Li metal were used as the cathode and the anode in LFP/Li
cells, respectively. LFP and LTO were used as the cathode and the anode in full cells,
respectively. Before assembly, the ceramic-polymer membranes were soaked in liquid
electrolyte overnight to get CPEs, then put the CPE between two filter papers to wipe off
the excess liquid electrolyte on the surface of CPE, finally put one CPE membrane
between Li discs for symmetrical Li/CPE/Li cells. In addition to symmetrical Li/CPE/Li
cells, CPEs for Li/CPE/stainless-steel cells, LFP/CPE/Li cells, and LFP/CPE/LTO full
cells were prepared in the same way. The weight of the absorbed liquid electrolyte in
CPE is around 0.025 - 0.030 g. For comparison, control groups were prepared by
substituting the soaked CPEs in the above-mentioned cells with a dry Celgard 2320
separator and adding 0.06 - 0.08 g of liquid electrolyte into one cell to ensure the
electrodes and separator could be completely wetted.

2.5. ELECTROCHEMICAL MEASUREMENTS
The electrochemical stabilities of the CPEs and Celgard 2320 were tested by
forming symmetrical Li cells and cycled at a constant current density of 0.1 mA cm-2 by
using Neware battery stations. The rate studies were carried out in symmetrical Li cells
with different current densities of 0.1, 0.2, 0.5, 1.0, and 2.0 mA cm-2. Symmetrical Li
cells were periodically cycled for 1 hr. The cycling performance of LFP/Li cells was
performed in a potential range of 2.5 V to 4.2 V. For LFP/LTO full cells, the cycling
performance was tested between 0.5 V and 2.5 V at a rate of 1 C (1 C = 170 mA g-1). The
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electrochemical windows of the CPE and Celgard 2320 were evaluated via
performing linear sweep voltammetry on a cell constructed using a stainless-steel plate as
the working electrode and Li metal as the reference and counter electrode using a
Biologic SP-150. The potential range was from 2.0 to 6.0 V at a scanning rate of 5.0 mV
s-1. Electrochemical impedance spectroscopy (EIS) was measured to estimate the ionic
conductivities in a temperature range of 25 0C to 55 0C using a Biologic SP-150 over a
frequency range from 1 Hz to 1 MHz with an amplitude of 50 mV. The ionic
conductivity was calculated according to equation (4):
d

o = -----

A-Rb

(4)

where d, A, and Rb are the thickness of the CPE or Celgard 2320 (cm), the projected area
of the electrode (cm2), and the bulk resistance obtained from the Nyquist plot (Q),
respectively.
The lithium-ion transference numbers (tLi+) in symmetrical Li cells with CPE or
Celgard 2320 were estimated. EIS data of initial state were collected in a frequency range
from 65 kHz to 1 Hz under open-circuit conditions to obtain the initial resistance (Rini,
Q). The cell was then subjected to a 10-mV polarization bias with AV (mV) and
measured the initial current (Iini, mA). Next, when the steady-state was reached, and
current (Iss, mA) and resistance (Rss, Q) at steady state were obtained. Finally, the
lithium-ion transference numbers can be calculated using the following equation:
IssjW hnjRjni)
tu+ = hnii&V- ^ s s ^ s s )

(5)
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3. RESULTS AND DISCUSSION

Table 1. Physical properties of PVDF/PEO-Y-AI2 O3 membrane and Celgard 2320.
CPE
18-20
56
194
15

Samples
Thickness (pm)
Porosity (%)
Electrolyte uptake (%)
Electrolyte leakage (%)

Celgard 2320
20
37
103
51

200

Celgard 2320

160
120

M em brane

40

Celgard 2320
Membrane

20

120
Time (min)

Time (mm)

Figure 2. Liquid electrolyte weight (a) uptake vs. time and (b) leakage vs. time for
Celgard 2320 and PVDF/PEO-y-AhO3 membranes.

In order to optimize the content of y-AhO3 nanoparticles in the membrane, the
porosity of the membranes with different y-AhO3 weight percentages (0, 5, 10, 20 and 30
wt%) was measured (Figure S1 in Supporting Information). Among them, the membrane
with 10 wt% of y-AhO3 has the higher porosity and was selected as the object of this
study. In the following, the PVDF/PEO-y-AhO3 membrane mentioned is the membrane
with a weight ratio of PVDF:PEO of 7:3 , in which 10 wt% of y-AhO3 based on the total
weight of PVDF+PEO added. As shown in Table 1, the porosity of the membrane is ~
56%, which is higher than that of Celgard 2320 (~ 37%, close to officially reported
porosity of ~40% by Celgard Corp.). In addition, the liquid electrolyte uptake and
leakage behaviors were tested to compare the ability of the membrane and Celgard 2320
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in reducing the risk of liquid electrolyte leakage. As shown in Table 1 and Figure 1,
the membrane reaches a liquid electrolyte uptake of 194%, which is higher than that of
Celgard 2320 after 2 hrs of soaking in a liquid electrolyte. Furthermore, it was worth
mentioning that our fabricated membrane only has a liquid electrolyte leakage of ~ 14%;
in contrast, the Celgard 2320 exhibits a very high liquid electrolyte leakage of ~ 52%.
The plots of liquid electrolyte uptake and leakage of the membrane and Celgard 2320 as a
function of time are listed in Figure 2. The improved liquid electrolyte uptake and
leakage behavior of the membrane can be attributed to the excellent affinity with liquid
electrolyte, and the high porosity, subsequently better absorption, and liquid electrolyte
storage capacity.

Figure 3. (a) Photographs of polymer based membranes at different conditions without
immersion in liquid electrolyte. (b) Surface and (c) cross-sectional SEM images and of
the as-prepared membrane.

As shown in Figure 3a, the as-prepared PVDF/PEO-y-Al2 O3 membrane shows a
slightly yellowish ivory color. After heating at 200 0C under vacuum for 2 hrs, there is no
apparent size shrinkage of the membrane but a visual change of color (from ivory to
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orange). This color change could be attributed to an y-AhO3 -catalyzed
dehydrofluorination reaction of PVDF, which formed conjugated double bonds along the
main chain and cross-linking between polymer chains that could increase the surface
hydrophilicity of the membrane [26]. The bent and rolled membrane in Figure 3a
maintains excellent flexibility. It is well known that a separator is a porous membrane,
which allows proper liquid electrolyte absorption and penetration, and a higher porosity
can enhance the ionic conductivity and other electrochemical properties. SEM images in
Figure 3b and 3c present the morphology of the membrane. Similar to a previous report
[29], polymer spherulites on the membrane are visible and correspond to PVDF (Figure
3b). From the surface and cross-section SEM images, there are some white particles,
which are y-AhO3 particles that were added to improve the thermal stability and
wettability. It can be seen from the cross-sectional SEM image that the membrane
exhibited a sponge-like porous structure, which was different from the reported finger
hole-like internal structure of the PVDF film without PEO and y-AhO3 [30]. This could
be due to the blending of PVDF and PEO of the membrane, which changed the structure
and resulted in a high-porosity membrane. Such a structure of the membrane is
considered to be the main reason for the high uptake and low leakage to liquid
electrolytes.
Figure 4a compares the electrolyte wettability of the PVDF/PEO-y-AhO3
membrane and Celgard 2320 by dropping the same amount of liquid electrolyte on the
center of the membrane surface. The liquid electrolyte drop on the membrane spread and
wetted part of the membrane, while for the Celgard 2320, the liquid electrolyte drop
remained in the initial position in a hemispherical shape. Our membrane displayed better

155

wettability due to the ceramic loading, and the porous structures in the membrane
formed by PVDF/PEO microporous polymer blending was further enhanced by y-AhO3
nanoparticles in proper amount, which are beneficial for improving the wettability with
the liquid electrolyte and the electrolyte uptake of the membrane [21].

Figure 4. (a) Wettability test performed on the membrane and Celgard 2320. A 0.022 ±
0.002 g liquid electrolyte drop was placed on the center of the surface, and the paragraphs
were taken just after dropped and after 3 min. Nyquist plots of (b) Li/CPE/Li and (c)
Li/Celgard 2320/Li at different storage times.

From a commercial perspective, poor wettability can limit the battery
performance by increasing the internal ionic resistance; good wettability can shorten the
electrolyte filling time during the assembly process, and prolong the life span of the
battery under normal working conditions [31]. The interfacial resistance value tested with
different storage times was used to compare the interfacial compatibility of the membrane
and Celgard 2320 with the electrode, which corresponds to the diameter of the semicircle
in impedance spectra. The impedance spectra in Figures 4b and 4c were obtained after
different storage times at room temperature; symmetrical Li cells with dry membrane and
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Celgard 2320 were assembled in the glove box by adding the same amount of liquid
electrolyte (0.06 - 0.08 g). In Figure 4b, it can be seen that the interfacial resistance
increased with the storage time at the beginning, which can be attributed to the interfacial
reaction [32]. Subsequently, the interfacial resistance of Li/CPE/Li reached a steady
value of about 8 hrs, indicating that a stable passivation film was formed via the reaction
between the electrode and electrolyte [15]. In contrast, the Li/Celgard 2320/Li did not
achieve a stable value within 24 hrs. There is no obvious change in bulk resistance of
Li/CPE/Li and Li/Celgard 2320/Li with the storage time, and the bulk resistance of
Li/CPE/Li was always smaller than that of the Li/Celgard 2320/Li, which is consistent
with the conclusion that CPE has a higher conductivity than Celgard 2320. According to
the above results, it can be concluded that the membrane has better interfacial
compatibility with Li metal than Celgard 2320 does, which is attributed to the high
porosity and wettability caused by the mixing of an appropriate content of y-AhO3
nanoparticles.
Thermal stability, as a crucial characteristic of the separators used for LIBs, was
investigated for both the PVDF/PEO-y-Al2 O3 membrane and Celgard 2320 (trilayer
PP/PE/PP membrane) at the fresh and dry condition. As presented in TGA curves in
Figure 5a, the Celgard 2320 had a thermal decomposition temperature of ~ 408 °C and
was completely burnt out at 480 °C. Meanwhile, the membrane presented a thermal
decomposition temperature of ~ 355 °C, and its weight retention was about 40% at
440 °C. Although the membrane had a slightly lower thermal decomposition temperature
than that of Celgard 2320, compared with other commercial separators, such as Celgard
2400 (monolayer PP membrane), Celgard 2730 (monolayer PE membrane), and Copa
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Spacer (cellulose membrane) with a decomposition temperatures of ~ 350, 130, and
350 °C, respectively, the thermal stability of the membrane was still good enough for LIB
applications [33-35]. As seen in DSC curves (Figure 5b), a broad endothermic peak
between 138 °C and 168 °C was observed for Celgard 2320, which could be assigned to
the melting of Celgard 2320.
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Figure 5. (a) TGA and (b) DSC curves of the membrane and Celgard 2320. (c) Arrhenius
plots of the ionic conductivities of Li/CPE/Li and Li/Celgard 2320/Li, (d) linear sweep
voltammograms of CPE and Celgard 2320, and steady-state current measurements and
impedance spectra of (e) Li/CPE/Li and (f) Li/Celgard 2320/Li at 25 °C.
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However, there are no apparent peaks can be observed from the DSC curve of
the membrane, indicating no melting within the tested temperature range, which is
consistent with the stable thermal performance of the membrane after 200 °C heat
treatment shown in Figure 3a. Moreover, the FTIR spectra (Figure S2 in Supporting
Information) shows three characteristic peaks at 976, 795, 614 cm-1, corresponding to the
a-phase PVDF in the membrane, another three characteristic peaks at 1340, 1151, 841
cm-1 corresponded to PEO in the membrane [36,37]. By comparing the FTIR results, it
can be known that the composition of the membrane treated at 200 °C remained
unchanged, indicating the excellent thermal stability of the membrane.
Electrochemical impedance spectroscopy (EIS) was used to measure the lithium
ionic conductivity for the PVDF/PEO-y-Al2O3-LiPF6 CPE and Celgard 2320 at a
temperature range of 25 °C to 55 °C. The impedance curves, measured from the cells
after resting overnight, were plotted in Figure S3 (Supporting Information). All the
impedance curves are composed of a typical semicircle with the intercept on the real-axis
at a high frequency, representing the bulk resistance (Rb), and the diameter of the
semicircle is associated with the electrode/electrolyte interfacial resistance (Rf). It can be
seen that the total resistance of Li/CPE/Li is lower than that of Li/Celgard 2320/Li, which
is only about 1/3 of Li/Celgard 2320/Li. The Arrhenius plots of Li/CPE/Li and
Li/Celgard 2320/Li are shown in Figure 5c. The CPE exhibits ionic conductivities of 6.6
x 10-4 S cm-1 and 1.1 x 10-3 S cm-1 at 25 °C and 55 °C, respectively, which are higher
than those of Celgard 2320 (4.0 x 10-4 S cm-1 and 7.6 x 10-4 S cm-1 at 25 °C and 55 °C,
respectively). The activation energy, Ea, can be calculated by classical Arrhenius
equation o(T) = A exp ( -Ea / RT), where T is the absolute temperature, and A is a pre
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exponential factor. The Ea value for CPE (0.13 eV) was lower than that of Celgard
2320 (0.18 eV), which suggests a lower activation energy of ion transport for CPE, and it
agrees with conclusion of the better electrolyte uptake, higher porosity and ionic
conductivity of the membrane and CPE discussed above. The electrochemical window of
the electrolytes is another crucial parameter for achieving high-energy density in highvoltage LIBs. As shown in Figure 5d, these is no noticeable increase in the anodic current
below 5.2 V for the Celgard 2320, and the resultant CPE exhibits stable impedance below
5.5 V. The good electrochemical stability of CPE can be attributed to the inorganic
ceramic y-AhO3 nanoparticles, which acted as a scavenger removing impurities from the
interface, and prevented undesirable side reactions between the impurities and Li metal
electrode [38]. This result reveals that the CPE possesses a high oxidation potential of 5.5
V, which can be used safely in lithium batteries at a high voltage. The lithium-ion
transference numbers calculated by the combination of chronoamperometry and EIS of
symmetrical Li cells with CPE and Celgard 2320 are shown in Figures 5e and 5f.
Lithium-ion transference numbers in the case of Li/CPE/Li and Li/Celgard 2320/Li are
0.78 and 0.35, respectively. The high lithium-ion transference number of CPE can be
attributed to the channels for lithium-ion transport provide by PVDF/PEO blending MPE.
The long-term stability of CPE and Celgard 2320 against the Li dendrites were
evaluated by testing symmetrical Li cells. Figure 6a shows the electrochemical
performance of symmetrical Li/CPE/Li and Li/Celgard 2320/Li cells at a current density
of 0.1 mA cm-2 at room temperature. The positive and negative voltage denotes Li
stripping and plating, respectively. The results clearly show that the overpotential of CPE
was steady at a low voltage of ± 0.02 V for each cycle over 2,000 hrs. In contrast, the
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overpotential in the cell with Celgard 2320 shows that a gradual drop in the initial 40
cycles can be put down to the SEI layer formation,[39] then increased from ± 0.04 V to ±
0.15 V, indicating uneven lithium electrodeposition because of the poor adhesion of the
commercial porous separator with Li metal and the formation of a thick SEI layer [40].
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Figure 6. Galvanostatic cycling curves of symmetrical Li/CPE/Li and Li/Celgard 2320/Li
cells (a) at 0.1 mA cm-2 (insets show the enlarged view of cycling curves), (b) at different
current densities, and (c) comparison of Nyquist plots of Li/CPE/Li and Li/Celgard
2320/Li in the frequency range of 1 MHz to 10 mHz at room temperature.

In addition, the overpotential of Li/Celgard 2320/Li suddenly dropped to ~ 0 V
after 405 hrs, which means the internal short circuit occurred due to the excessive Li
dendrites formation. The excellent cycling stability and small polarization of the
symmetrical Li cell with CPE indicate that CPE induced a stable interface during Li
stripping and plating [41]. Figure 6b shows the voltage profiles of cell cycling at different
current densities. Li/CPE/Li cell achieved overpotentials of 0.019, 0.028, 0.037, 0.046,
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and 0.067 V at current densities of 0.1, 0.2, 0.5, 1.0, and 2.0 mA cm-2, respectively. In
sharp contrast, the symmetrical Li/Celgard 2320/Li cell displayed a noisy potential with
large voltage polarization at a large current density of 2.0 mA cm-2. Similar erratic
voltage behavior was reported by Wood et al. [42], and the lithium dendrite formed was
considered to be fractal-like dendrite, indicating that the concentration of lithium ions at
the electrode/electrolyte interface reached zero. This phenomenon means that the cell was
easy to short circuit at this time because this type of lithium dendrite would quickly
expand its tiny branches that could penetrate the pores of the separator. The impedance
plots of the Li/Celgard 2320/Li and Li/CPE/Li after resting for overnight at room
temperature are shown in Figure 6c. The Li/Celgard 2320/Li had a total resistance of ~
620 Q cm2, in contrast, the Li/CPE/Li delivered a total resistance of ~ 290 Q cm2, which
is less than half of that of the Celgard 2320. This comparison demonstrates that the CPE
with a small interfacial resistance had superior ability to suppress the growth of lithium
dendrites at high current densities for long cycle life.
Cyclic performance of LFP/Li cells with CPE and Celgard 2320 was evaluated at
a 1 C rate. As shown in Figure 7a, the initial capacities of LFP/CPE/Li and LFP/Celgard
2320/Li cells are very close, which is around 100 mAh g-1. After 75 cycles of charge and
discharge, the discharge capacity of LFP/Celgard 2320/Li cell gradually faded, and only
48 mAh g-1 remained after 200 cycles of charge/discharge with a capacity retention of ~
50%. The speedy capacity decay of LFP/Celgard 2320/Li resulted from quick
decomposition of liquid electrolyte and the fast growth of lithium dendrite [43]. In sharp
contrast, the capacity of LFP/CPE/Li processed a higher capacity stability than that of the
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LFP/Celgard 2320/Li cell, and 97% of initial capacity was retained with a capacity of
98 mAh g-1 after 200 cycles.
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Figure 7. Cycling performance of LFP/Li cells (a) at a 1 C rate (1 C = 170 mA g-1) and
(b) at different C rates (1 C, 2 C, 3 C, 4 C, and 5 C) between 2.5 V and 4.2 V at room
temperature using the fabricated CPE and the Celgard 2320. Charge and discharge
profiles of cells with (c) CPE and (d) Celgard 2320 at different C rates (1 C, 2 C, 3 C, 4
C, and 5 C) between 2.5 V and 4.2 V at room temperature. (e) Cycling performance of
LFP/LTO full cells at a 1 C rate (1 C = 170 mA g-1) and room temperature using the
fabricated CPE and the Celgard 2320.

The increased cycling stability could be attributed to the existence of a more
stable interface between electrolyte and electrode, a higher lithium-ion transference
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number, and a lower interfacial impedance. On the other hand, the small and
appropriate amount of liquid electrolyte adsorbed in the CPE could limit the loss of
lithium ions in the cell for the interface layer formation.In Figure 7b, the LFP/CPE/Li cell
displayed higher discharge capacity compared with that of LFP/Celgard 2320/Li at the
same current rate, and the difference between them became obvious as the current rate
elevated. The improvement of the rate capability of LFP/CPE/Li cell is ascribed to a
higher ionic conductivity of the CPE and better interface compatibility at the interface
between CPE and electrode, which can decrease the degree of ohmic polarization in the
cell. The charge and discharge profiles of LFP/Li cells assembled with CPE and Celgard
2320 are listed in Figures 7c and 7d, respectively. It can be seen that the capacities for
both the cells with CPE and Celgard 2320 decreased gradually with the increase of
current rate due to the fact that elevating ohmic polarization phenomenon and significant
overpotential occurred at higher current rates [44].
The LFP/LTO full cells with CPE and Celgard 2320 were also assembled to
confirm the electrochemical performance of CPE in cells that did not contain Li metal.
For the LFP/LTO full cell using Celgard 2320, the initial capacity was 122 mAh g"1for
charge and 100 mAh g"1for discharge with a coulombic efficiency of 82.2%. After 200
cycles of charge/discharge at a 1 C rate, the charge capacity decreased to 93 mAh g"1, the
discharge capacity decreased to 89 mAh g"1, and the coulombic efficiency reached ~ 95%
over 200 cycles. The loss of capacity and efficiency in the first few cycles were due to the
SEI formation by electrolyte decomposition; in the subsequent cycle, lithium ions were
continuously consumed, resulting in an irreversible capacity loss [45,46]. In contrast, the
LFP/LTO full cell using the fabricated CPE had the same initial capacity as the Celgard
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one, which was 122 mAh g-1 during charging and 100 mAh g-1 during discharging
with a coulombic efficiency of 81.8%. It is worth noting that the capacities of CPE full
cell were keeping increasing and surpassed the capacities of Celgard full cell after around
35 cycles. The rapid decline in capacity in the first few cycles can be attributed to the
formation of SEI, as mentioned above. Finally, the capacities were stabilized at 103 mAh
g-1 for both charge and discharge process with a coulombic efficiency ~ 100.8%. From
Figure 7e, the CPE full cell maintained a very stable coulombic efficiency of around
100%, while the coulombic efficiency of Celgard full cell was unstable and declining.
The improvement in the coulombic efficiency of CPE full cell can be attributed to the
more stable interface between the electrode and electrolyte with smaller resistance than
that of Celgard full cell [47], and the reduced consumption of lithium ions for generating
the interface layer due to a small and effective amount of liquid electrolyte adsorbed in
CPE. Figure S4 shows the charge/discharge profiles of the LFP/LTO full cells at different
cycles with Celgard 2320 and CPE, respectively. It can be seen that both of charge and
discharge curves of Celgard full cell and CPE full cell are very stable, and no other
plateau exists, indicating that the charging and discharging mechanism of these two full
cells were the same, and no unpredicted reaction occurred in the CPE full cell and
provided additional capacity.

4. CONCLUSIONS

A PVDF/PEO-y-Al2 O3 membrane was synthesized facilely in this study, which
has potential as a substitute for commercial separators. The combination of high-strength
PVDF matrix, high ionic conductivity PEO, and stable y-AhO3 nanoparticles in proper
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amount provides the membrane with the following characteristics: (1) better
wettability, higher porosity, high liquid uptake, and low liquid leakage allow LIB to
achieve desirable electrochemical performance with using a small amount of liquid
electrolyte, which make it is beneficial for the battery to reach a stable state as soon as
possible; (2) outstanding mechanical properties, suppressing the formation of lithium
dendrite of Li/CPE/Li cell during Li stripping/plating test for more than 2,000 hrs; (3)
excellent thermal and electrochemical stability of the membrane, exhibiting negligible
shrinkage at 200 °C for 2 hrs, a decomposition temperature of 355 °C, and oxidation
potential of up to 5.5 V; (4) high ionic conductivity and low interfacial resistance, with
the ionic conductivity of CPE higher than that of Celgard 2320, and the small amount of
liquid electrolyte reduced undesirable lithium ion consumption for interface layer
formation, thus, enhancing the coulombic efficiency of LFP/LTO full cell with CPE.
Overall, this study confirmed the potential of this PVDF/PEO-based CPE to address
issues of LIB electrolytes such as liquid electrolyte leakage, unsatisfactory separator
wettability, poor thermal and electrochemical stability. The simplicity of the fabrication
process of the CPE makes it potential for commercialization, opening the possibility of
building LIBs that are safe, low cost, and durable.

SUPPORT INFORMATION

The following additional information is listed in this Supporting Information file,
including Figure S1, the dependence of porosity of PVDF/PEO-y-Al2O3 membranes on the
content of y-AhO3; Figure S2, FTIR spectra of 200 0C treated PVDF/PEO-y-AhO3
membrane, PVDF/PEO-y-AhO3 membrane without heat treatment, PVDF, PEO, and y-
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AI2 O3 ; Figure S3, Nyquist plots of Li/CPE/Li and Li/Celgard 2320/Li cells at different
temperatures; Figure S4, charge/discharge profiles of the LFP/LTO full cells with (a)
Celgard 2320 and (b) CPE.

Figure S1. The dependence of porosity of PVDF/PEO-Y-AI2 O3 membranes on the content
of y-AhO3.
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Figure S2. FTIR spectra of 200 0C treated PVDF/PEO-y-AhO3 membrane, PVDF/PEO-yAEO3 membrane without heat treatment, PVDF, PEO, and y-AEO3.
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Figure S3. Nyquist plots of (a) Li/CPE/Li and (b) Li/Celgard 2320/Li at different
temperatures.
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Figure S4. Charge/discharge profiles of the LFP/LTO full cells with (a) Celgard 2320,
and (b) CPE.
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ABSTRACT

In recent years, with the severe safety problems of organic electrolytes, the high
reliability and safety of all solid state electrolytes (ASSEs) have been considered as an
appealing choice to replace organic electrolytes. However, the interfacial chemical
reactions between electrode and ASSE would lead to high interfacial resistance which is
detrimental for the battery performance. In this work, the ZrO2 -coated LiFePO4 (LFP)
powders are prepared via atomic layer deposition (ALD) method and the effects on the
electrochemical performance of lithium ion batteries using NASICON-type
Li1.5Al0 .5Ge1.5(PO4)3 -based ASSE are investigated. By comparing a series of
electrochemical, X-ray photoelectron spectroscopy and Fourier transform infrared
spectroscopy characterization results of the pristine and two cycles ALD ZrO2 -coated
LFP at fresh and cycled conditions, the improved cycling performance of the ZrO2 -coated
LFP/ASSE/Li cell could be attributed to the stabilized the interface of cathode and ASSE
by suppressing the undesirable side reactions at the interface. We believe that ALD is an
effective strategy to solve the interfacial problems and improve the electrochemical
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performance of all solid state lithium ion batteries by stabilizing the interface of
ASSE against cathode.

1. INTRODUCTION

All solid state lithium batteries are considered as the ultimate solution for the
safety issues of the conventional lithium ion batteries with organic liquid electrolytes.[1]
Some inorganic oxides (e.g., garnet Li7La3Zr2 O 12 [2, 3]) and sulfide (e.g., Li 10GeP2 S12 [4,
5]) electrolytes reach high lithium ionic conductivities of 10-3 - 10-4 S cm-1 at 25 °C.
However, the easy brittleness feature and poor interfacial contact of these inorganic solid
electrolytes greatly hamper their practical applications. [6] As another option, solid
polymer electrolytes such as poly(ethylene oxide) (PEO) have been widely studied due to
its great potential to substitute conventional liquid electrolytes.[7, 8] Nevertheless, the
commercial applications of these polymer electrolytes are impeded due to their poor
room-temperature lithium ionic conductivities of 10-5 - 10-10 S cm-1.
Recently, many researchers have proposed to combine solid polymer and
inorganic oxides electrolytes to achieve an all solid state electrolyte (ASSE) which retains
both the superior mechanical properties of solid polymer electrolytes and the high lithium
ionic conductivity of inorganic oxides electrolytes. These obtained composite electrolytes
could reach low overpotential at room temperature and have a long-term and stable
cycling performance in symmetrical Li cells.[9-11] Researchers are keen to explore the
performance of these ASSE on lithium metal electrodes, but there is still a long way to go
for lithium metal to be used as electrodes in commercial lithium batteries. Therefore, it is
of practical value to discuss the performance of these ASSE against traditional cathode
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electrodes and explore the related mechanisms. Similar to the interface lithium
metal/ASSE, the interface cathode electrode/ASSE also faces the challenge of poor solidsolid interfacial contact, which leads to larger interfacial resistance of the batteries. In
addition, side reactions are also observed and reported in the interface of the oxide solid
state electrolyte and cathode, and form undesirable interfacial products. To achieve an
ideal interface solid state electrolyte/cathode, various cathodes (e.g., LiCoO2 , LiMn2 O4 ,
and LiNi1/3Mn1/3Co1/3O2) had been coated with different coating materials (e.g., LiNbO3,
TaO3, AEO3, and Li2CO3) by using different coating methods and effectively reduced the
interfacial resistance between the cathode and solid electrolyte.[12-16] Among various
coating methods including magnetron sputtering [17, 18], sol-gel [19], and wet-chemical
[20] methods, atomic layer deposition (ALD) has been considered as an effective and
promising technology that can deposit inert metal oxides, such as AEO3 [21, 22], ZnO
[23], ZrO2 [24], and TiO2 [25, 26] on the cathode materials for improving the
electrochemical performance of lithium batteries. ALD in an ideal method to deposit inert
metal oxides thin films on the specific substrate with a controllable and uniform thickness
due to its characteristics of self-limiting and sequentially self-terminating surface
reactions.[27]
In this work, we synthesized an ASSE which has the microporous polymer matrix
of poly(vinylidene difluoride) (PVDF)/PEO blend, and NASICON-type
Li1.5Al0 .5Ge1.5(PO4)3 (LAGP) was added as the active inorganic electrolyte filler due to its
high room-temperature ionic conductivity, superior chemical stability in the air and low
cost.[28] On the other hand, ZrO2 coating was applied on the LiFePO4 (LFP) cathode
powders by ALD to reduce the interfacial resistance between the LFP cathode electrode
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and the ASSE. In the all solid state battery assembled with ZrO2 coated LFP, Li metal
and ASSE, the electrochemical performance would stabilize in fewer cycles than that of
the battery assembled with pristine LFP cathode. Through a series of electrochemical
characterizations, it can be known that the coating of ZrO2 suppresses the undesirable
side reactions and improves the transport of lithium ions at the LFP and ASSE interface.
We believe that this approach can be applied to solve the interfacial issues of other all
solid-state lithium-ion batteries that undergo significant undesirable side reactions.

2. EXPERIMENTAL SECTION

2.1. ZrO2 COATING BY ALD
ALD ZrO2 were performed directly on LFP powders using a home-made made
fluidized bed reactor and the details of the reactor were described elsewhere. [29]
Tetrakis(dimethylamino)-zirconium (TDMAZ, Sigma-Aldrich) and deionized water were
used as precursors, which are the source of zirconium and oxygen, respectively. The
deposition temperature was 200 °C, and 2, 5, and 10 ALD ZrO2 cycles were applied
(named as 2Zr-LFP, 5Zr-LFP, and 10Zr-LFP).

2.2. SYNTHESIS OF CERAMIC-POLYMER ELECTROLYTES
The ASSE were prepared by a simple solution-casting method. The different mass
ratio (10:0, 9:1, 8:2, 7:3) of the PVDF (Alfa Aesar) and PEO (Sigma Aldrich) were
dissolved in dimethylformamide (DMF, Sigma Aldrich) through magnetic stirred for 20
mins at 50 C . LAGP (MSE supplier, with a particle size of ~ 300 nm) and the lithium
salt lithium bis(trifluoromethanesulfonyl))imide (LiTFSI, Sigma Aldrich) with the
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different mass ratios (mpvDF: mLAGp: mLiTFsi =1:1:1, 1:1:1.5, 1:1:2, 1:0.6:2, 1:1.6:2)
were added to the above solution. A homogeneous solution was finally formed after
stirring for overnight at 50 °C followed by a bath-sonicated for 2 hrs. Then, the resulting
mixture was cast onto a CR2032 positive case and subsequently dried at < 60 C in
vacuum for overnight to obtain the ASSE membranes. At last, the membranes were
peeled off from the case with diameters of ~ 1.65 cm and stored in argon-filled glove box
(< 0.1 ppm level of O2 and H2 O).

2.3. MATERIALS CHARACTERIZATION
The chemistry and crystal phase were characterized by Fourier transform infrared
spectroscopy (FT-IR, Nicolet IS50 spectrometer) and X-ray diffraction (XRD, Phillips
powder diffractometer Cu Ka radiation). The thermal stability of the ASSE was analyzed
using a using a Q600 SDT TA instrument. X-ray photoelectron spectroscopy (XPS,
Kratos Axis 165, monochromatic Al Ka radiation) was operated to investigate the surface
composition of the cycled cathode electrodes.

2.4. BATTERY ASSEMBLY
All cells were assembled in a argon-filled glove box (< 0.1 ppm level of O2 and
H2 O). For the solid state batteries of LFP/ASSE/Li cells, the cathode was prepared by a
slurry of 75 wt% pristine or ZrO2 -coated LFP powder, 10 wt% carbon black (Alfa Aesar),
5 wt% PVDF, 5 wt% PEO, and 5 wt% LiTFSI. The composite cathode was dried in a
vacuum oven at 120 C for overnight. The loading mass of LFP in electrode was
controlled to ~ 2.5 mg cm-2. The Li metal foil was cut into discs with a surface area of
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1.27 cm2 to be used as the counter electrode in LFP/ASSE/Li cells, and both cathode
and anode electrode in symmetrical Li cells.

2.5. ELECTROCHEMICAL MEASUREMENTS
For the LFP/CPE/Li cells, the voltage range of charge-discharge cycles as from
2.5 V to 4.0 V, and the cells were run at 60 °C. Electrochemical impedance spectroscopy
(EIS) tests were conducted with a Biologic SP-150 over a frequency range from 1 Hz to 1
MHz with an amplitude of 50 mV. The electrolyte discs with an area of 3.14 cm2 and a
thickness of ~ 150 - 200 pm were sandwiched between two stainless steel (SS) spacers
and assembled in a 2032 battery and the ionic conductivity was tested from 30 C to 80
C . The linear sweep voltammetry (LSV) curves were performed in a cell constructed
using a SS/ASSE/Li cell within a potential range of 2.0 V to 6.0 V at a scanning rate of
5.0 mV s-1 and 60 C . Cyclic voltammetry (CV) measurement was carried out using the
same instrument as EIS at 60 C with a scan rate of 0.5 mV s-1 in a range of 2.5 to 4.0 V.
The diffusion coefficients were also measured by taking CV curves at 60 C with various
scanning rates from 0.1 to 2.0 mV s-1 within 2.5 to 4.0 V. The lithium-ion transference
number (tLi+) in symmetrical Li cells with ASSE was estimated. EIS data of initial state
were collected in a frequency range from 65 kHz to 1 Hz under open-circuit conditions to
obtain the initial resistance (Rini, Q). The cell was then subjected to a 10-mV polarization
bias with AV (mV) and the initial current (Iini, mA). Next, when the steady-state was
reached, and current (Iss, mA) and resistance (Rss, Q) at steady state obtained. Finally, the
lithium-ion transference numbers can be calculated using the following equation:
IssR ssjW

h n jR jn i)

tu+ = H n i R i n i i . ^ —^ s s ^ s s )

(1)
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3. RESULTS AND DISCUSSION

In order to optimize the formula of the ASSE, the different weight ratio of
PVDF:PEO, different weights of LAGP and LiTFSI were tried for lithium ionic
conductivity measurement (Figure S1 in Supporting Information). Among them, the
formula with the weight ratio of PVDF :PEO=9:1, and the LAGP and LiTFSI with mass
ratio of mPVDF: mLAGP: mLiTFSI=1:1:2 was selected as the optimal ASSE for this work. As
prepared ASSE with a diameter of ~ 1.65 cm which is presented in Figure 1a.

Figure 1. Photographs of (a) as-prepared ASSE and the ASSE after storage at 120 °C for
48 hrs. (b) TGA and DSC curves of the ASSE. (c) Arrhenius plots of the ionic
conductivity of SS/ASSE/SS. (d) Linear sweep voltammetry curve of the ASSE at 60 °C.
(e) DC polarization result for Li/ASSE/Li cell at 10 mV s"1 (the inset shows EIS variation
before and after polarization) at 60 C . (f) Galvanostatic cycling curves of symmetrical
Li/ASSE/Li cell at 0.1 mA cm"2 60 °C.
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There is no apparent size shrinkage of the ASSE after heating at 120 °C under
vacuum for over 48 hrs. Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) curves were measured for evaluating thermal stability of the ASSE.
As shown in Figure 1b, the endothermic peaks at 64.5 and 164.3 °C were observed from
the DSC curve of ASSE, which could be assigned to the melting of PEO and PVDF. In
addition, from the TGA curve, it can be seen that weight loss of the ASSE started before
300 C corresponds to the polymer melting and gradual degradation, which may be due to
the increased amorphous fraction in the polymer electrolytes resulting from the
interaction between LAGP, polymer matrix, and lithium ions.[30] The complete thermal
decomposition of the ASSE began at 330 C . The FTIR spectra of the membranes with
different compositions were shown as Figure S2 in Supporting Information. For PVDF,
the peaks at 1401, 1071, 881 and 489 cm-1 are the characteristic peaks of a-PVDF.[31]
After adding a small amount of PEO (PVDF:PEO=9:1 w/w), the peaks at 796, 763, and
614 cm-1 which are the vibration absorption peaks of the crystalline phase of PVDF were
weakened.[32] After adding LAGP with a same weight as PVDF, and the LAGP peaks at
1094, 1040, and 655 cm-1 appeared. Interestingly, the intensity of the FTIR spectrum of
the ASSE is decreased and the peak at 1186 cm-1 is changed significantly. This
phenomenon may be due to the complexation of PVDF with LAGP, which is not
uncommon and needs deep exploration in the future work.[33, 34] With the addition of
LiTFSI, the peaks of LiTFSI at 742, 1190, 1350 cm-1 appeared in the FTIR spectrum the
ASSE,[35] and the presence of absorption peaks between 1640 and 1690 cm-1 could be
ascribed to the stretching vibration of C-N bonds, which results from the TFSI- anion and
C atom in linear PEO chain.[36] Electrochemical impedance spectroscopy (EIS) was
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used to measure the lithium ionic conductivity for the ASSE at a temperature range of
30 °C to 80 °C. The impedance curves were plotted in Figure S3 (Supporting
Information). The Arrhenius plot of SS/ASSE/SS is shown as Figure 1c. The ASSE
exhibits ionic conductivities of 3.0 X 10-4 S cm-1 at 60 °C. The activation energy, Ea, can
be calculated by classical Arrhenius equation o(T) = A exp ( -Ea / RT), where T is the
absolute temperature, and A is a pre-exponential factor. The Ea value for ASSE is 0.14
eV, which suggests a low activation energy of lithium ions transport for ASSE. The
electrochemical window of the ASSE is shown in Figure 1d, these is no noticeable
increase in the anodic current below 4.9 V. The lithium-ion transference numbers
calculated by the combination of chronoamperometry and EIS of symmetrical Li cells
with ASSE are shown in Figure 1f. Lithium-ion transference numbers in the case of
Li/ASSE/Li is 0.45. The cycling stability of ASSE in symmetrical Li cells were
evaluated. The electrochemical performance of symmetrical Li/ASSE/Li at a current
density of 0.1 mA cm-2 at both room temperature and 60 °C were shown in Figure S4 and
Figure 1f, respectively. The positive and negative voltage denotes Li stripping and
plating, respectively. At room temperature, it can be seen that the overpotential of the
Li/ASSE/Li cell was around at ± 0.15 V for the first 100 hrs, then the overpotential of the
cell increased to ± 0.35 V after 400 cycles. For the testing temperature of 60 C , the
overpotential of Li/ASSE/Li was steady at a low voltage of ± 0.015 V for each cycle over
300 hrs. Figure S4b and S4c shows the voltage profiles of cell cycling at different current
densities. Li/ASSE/Li cell achieved overpotentials of 0.15, 0.31, and 0.47 V at room
temperature with current densities of 0.1, 0.2, and 0.3 mA cm-2, respectively.
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Figure 2. Cycling performance of LFP/Li cells with ASSE at 60 °C and 0.1 C rate.

Figure 2 shows the cycling performance of pristine and ZrO2 -coated
LFP/ASSE/Li cells at 0.1 C and 60 C . For the cell with pristine LFP cathode, it shows a
quick increase in capacity at the first 10 cycles, which may be due to the formation of the
interface layer reduced the interfacial resistance of the solid-solid interface contact.
However, the uncontrollable side reactions between the ASSE and LFP cathode led to the
ASSE decomposition and resulted in the unstable interface layer, therefore, the capacity
reduced after 10 cycles, and the coulombic efficiency of the LFP/ASSE/Li remained low
(~ 80%) during the charge/discharge cycles. In contrast, the cells with ZrO2 -coated LFP
cathodes had high and stable coulombic efficiencies (> 95%). Among all the ZrO2-coated
LFP cathode, 2Zr-LFP had the highest capacity. 2Zr-LFP/ASSE/Li exhibited an initial
capacity similar to that of LFP/ASSE/Li, and its capacity showed a gentle upward trend
in the first 50 cycles, which could be attributed to the ZrO2 coating suppressed the
chemical reactions for the SEI layer formation, thus, 2Zr-LFP/ASSE/Li has a slow
process to obtain a stable SEI. After 50 cycles of charge/discharge, the capacity of 2Zr-
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LFP/ASSE/Li tended to stabilize and delivered to ~ 105 mAh g-1. For 5ZrLFP/ASSE/Li and 10Zr-LFP/ASSE/Li, they failed to obtain a higher capacity than that of
2Zr-LFP/ASSE/Li, probably because more ZrO2 coating suppressed undesirable side
reactions but at the same time extended the pathway of lithium ions transport, resulted in
a increased resistance. In addition, the cycling performance of 2Zr-LFP/ASSE/Li and
LFP/ASSE/Li cells at 0.05 C and the Nyquist plots of the cells at the 0th and 20th cycles
were shown as Figure S6 in Supporting Information. The cells showed the similar trend
of cycling performance as at 0.1 C. At fresh state, the resistance of cells is similar,
however, after 20 cycles of charge/discharge, the resistance of 2Zr-LFP/ASSE/Li
significantly reduced, while that of LFP/ASSE/Li increased. This is also consistent with
the performance of the 2Zr-LFP/ASSE/Li and LFP/ASSE/Li cells in Figure 2.
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Figure 3. CV curves of (a) LFP/ASSE/Li and (b) 2Zr-LFP/ASSE/Li cells.

After completing formation at 0.05 C for 3 cycles, the CV curves from different
cycles of the LFP/ASSE/Li and 2Zr-LFP/ASSE/Li cells at 60 °C are shown in Figure 3.
In general, a pair of cathodic/anodic peaks at ~ 3.05 and ~ 3.82 V exist in all CVs, which
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are the characteristic lithiation/delithiation of the corresponding electrodes.[37, 38]
There are no extra peaks presented in 2Zr-LFP/ASSE/Li, which indicates that the ZrO2
coating by ALD on the surface of LFP powders has no effect on the redox reactions of
LFP. It can be seen that the LFP/ASSE/Li shows several noisy peaks between 3.7 to 4.0
V during the discharge process for the first three CV cycles, which could be attributed to
the undesirable side reactions between the cathode and ASSE. For the following CV
cycles of LFP/ASSE/Li, the peak current density decreased with increasing cycles. In
contrast, 2Zr-LFP/ASSE/Li exhibits smooth CV curves without any noisy peak, and the
peak current densities of 2Zr-LFP/ASSE/Li are higher than that of LFP/ASSE/Li for all
CV cycles. Especially after the third cycle, the CV curves of 2Zr-LFP/ASSE/Li
overlapped very well. This nicely illustrates the better stability of 2Zr-LFP/ASSE/Li than
that of LFP/ASSE/Li, and revealed that the ZrO2 coating layer played a positive role in
stabilizing the interface between LFP cathode and ASSE by suppressing the undesirable
side reactions at the interface.
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To investigate the cathode electrode kinetics in the all solid state batteries, the
apparent activation energies of LFP and 2Zr-LFP electrodes were calculated from EIS
using a previously reported method.[39, 40] Figure S6 shows the Nyquist plots of the
electrodes at different temperatures after charge/discharge for 3 cycles at 0.05 C and 60
°C. The impedance curves show two semicircles in high and middle frequency regions,
which could be assigned to interfacial resistance (Rf) and charge-transfer resistance (Rct),
and a inclined line in the low frequency range, which could be considered to be a
Warburg impedance. The Rf and Rct are calculated using the equivalent circuit shown as
Figure S6c and listed in Table S1. The exchange current (b) and the apparent activation
energy (Ea) for the lithium intercalated through the interface cathode/ASSE and into LFP
material can be calculated from the following two equations:
RT
nFRf/ct

(2)

< o = ^ e x p (- ^ )

(3)

where A is a temperature-independent coefficient, R is the gas constant, T (K) is the
absolute temperature, n is the number of transferred electrons, and F is the Faraday
constant. Figures 4a and 4b shows the Arrhenius plots of log i0 as a function of T-1. The
activation energies (Ea = -Rk ln 10, where k = the slope of the fitting line in Figures 4a
and 4b) of the charge-transfer resistance of LFP and 2Zr-LFP electrodes are calculated to
be 0.28 and 0.22 eV, respectively. These values indicated that the 2Zr-LFP electrode has
a lower activation energy for the extraction of lithium ions from the ZrO2 -coated LFP
than that of uncoated LFP which can be attributed to the improved conductivity of ZrO2 coated LFP. On the other hand, the Ea of the interfacial resistance for LFP was also
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calculated to be 0.36 eV, which is larger than that of 2Zr-LFP (0.29 eV). The reason
for this phenomenon can be considered that the undesirable side reactions occurs with
lithium ion transfer at the interface between the LFP electrode and ASSE. However, in
the cell with 2Zr-LFP electrode, the side reactions were suppressed; therefore, 2Zr-LFP
reached a lower Ea of the interfacial resistance.
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c y c le d A S S E f ro m L F P /A S S E /L i

cycled ASSE from 2Zr-LFP/ASSE/l
A S S E sid e
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c y c le d L F P e l e c t r o d e
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Figure 5. FTIR spectra of cycled LFP electrodes and ASSE.

The changes in the vibrational and chemical bonding characteristics of the pristine
and ZrO2 -coated LFP cathode and the ASSE after cycling at 0.05 C for 3 cycles were
examined by FTIR analysis. The FTIR spectra are plotted as Figure 5. For the LFP
cathode side, the peaks at 922, 1027 cm-1 and between 400 to 700 cm-1 are the
characteristic peaks of LFP.[42, 43] By comparing the FTIR spectra of fresh LFP and
2Zr-LFP electrodes, it can be known that after 2 ALD cycles of ZrO2 coating on LFP, the
spectrum of the fresh 2Zr-LFP electrode did not show an obvious difference compared to
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the fresh pristine LFP electrode. After cycling, the cathode electrodes were peeled off
from the ASSE, therefore, the cycled cathode electrodes show several peaks at 1655,
1343, 1324, 1181 and 1052 cm-1 that can be attributed to the ASSE remaining on the
electrode surface. For the cycled LFP electrode, it exhibits new peaks at 1624, 1505,
1430, and 865 cm-1, which corresponds to the components of ROCO2Li and Li2 CO3 that
from solid electrolyte interphase (SEI).[44] The characteristic peaks of LFP became
weak, which may be due to the thick SEI layer formed on the cycled LFP electrode
surface. For the ASSE side, there is no obvious changes can be observed in the FRIT
spectra of the cycled ASSEs, except for the peaks between 1600 and 1700 cm-1. It can be
seen that the peak of ROCO2Li at 1624 cm-1 appeared after cycling for both the ASSE
from LFP/ASSE/Li and 2Zr-LFP/ASSE/Li. It is worth noting that the intensities of
ROCO2Li peak (1624 cm-1) of both ASSE and cathode sides from 2Zr-LFP/ASSE/Li are
lower than that of LFP/ASSE/Li, which suggests the more SEI components were present
on the interface of the LFP and ASSE in cycled LFP/ASSE/Li than that of cycled 2ZrLFP/ASSE/Li. Therefore, from these FTIR results, we can know that the ZrO 2 coating on
the LFP suppressed the side reactions at the interface of cathode and ASSE.

4. CONCLUSION

In this study, ZrO2 -coated LFP were successfully prepared by using ALD method
and a LAGP-based ASSE was synthesized by a simple solution-casting method. The all
solid state battery formed with the ASSE and the cathode with two ALD cycles ZrO2
coating (2Zr-LFP) performed a better cycling stability than that of the battery with
pristine LFP cathode. The 2Zr-LFP/ASSE/Li cell reached a stable capacity in fewer
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charge/discharge cycles than that of LFP/ASSE/Li cell. The comparison of CV
curves, activation energies, and diffusion coefficients of the LFP/ASSE/Li and 2ZrLFP/ASSE/Li cells confirmed that the ZrO2 coating could suppress the undesirable side
reactions between the LFP and ASSE and facilitate the lithium ions transport and
diffusion. The FTIR and XPS spectra of the cathode and ASSE from the cycled
LFP/ASSE/Li and 2Zr-LFP/ASSE/Li cells ensured the ZrO2 coating could assist the
formation of a stable interface cathode/ASSE. While the current study was devoted to
modifications at the oxide cathode/ceramic polymer ASSE interface using a typical
buffer layer, these results could be further generalized. We suggest that this approach can
be applied to other solid electrolytes that undergo significant undesirable side reactions.
The present findings results could be further generalized.
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symmetrical Li/ASSE/Li cell at 0.1 mA cm-2 and different current densities at room
temperature; Figure S5, XPS spectra of LFP and 2Zr-LFP; Figure S6, Cycling
performance of LFP/Li cells with ASSE at 60 °C at 0.05 C rate and Nyquist plots of
LFP/Li cells with ASSE at different cycles; Figure S7, Nyquist plots of LFP/ASSE/Li
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and 2Zr-LFP/ASSE/Li at different temperatures, and equivalent circuit; Table S1, EIS
fitting results of LFP and 2Zr-LFP electrodes at different temperatures.

Figure S1. Arrhenius plots of the ionic conductivity of Li/membranes/Li with different
PVDF/PEO, LAGP, and LiTFSI weight ratios.

PVDF-PEO-LAG P-LiTFSlV/
(ASSE)
PVDF-PEO-LAGP
PVDF-PEO

LiTFSI
PEO
PVDF
LAGP

2400

1900

1400

900

Wavenumbers (cm 1)
Figure S2. FT-IR spectra of the membranes.
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Figure S3. Nyquist plots of the ionic conductivity of Li/membranes/Li with different
PVDF/PEO and LAGP weight ratios.

Figure S4. Galvanostatic cycling curves of symmetrical Li/ASSE/Li cell at (a) 0.1 mA
cm-2 and (b) different current densities of 0.1, 0.2, 0.3, and 0.5 mA cm-2 at room
temperature.
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Figure S6. Nyquist plots of (a) LFP/ASSE/Li and (b) 2Zr-LFP/ASSE/Li at different
temperatures. (c) equivalent circuit.
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Table S1. EIS fitting results of LFP and 2Zr-LFP electrodes at different temperatures.
Electrodes

LFP

2Zr-LFP

Temp.
30 0C
40 0C
50 0C
60 0C
70 0C
80 0C
30 0C
40 0C
50 0C
60 0C
70 0C
80 0C

Rb
2791
1407
808.1
506
275.6
155.7
1551
779.1
476.4
276
173
87.44

Rf
27415.6
8762.1
3943.3
1543.43
675.37
340.55
8403.5
3138.5
1524.01
863.56
472.99
239.97

Rct
286.4
214.9
96.7
62.57
30.63
13.45
176.5
112.5
62.99
40.44
22.01
11.03

Total
30493
10384
4848.1
2112
981.6
509.7
10131
4030.1
2063.4
1180
668
338.44
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SECTION

2. FUTURE WORKS

For review paper, I will continue to complete its writing and publication. For
Paper V, I will further conduct XPS analysis on the cycled LFP electrodes and all-solidstate electrolyte to get a deeper and clearer understanding of the effect of ZrO 2 coating on
the cathode electrode material in the all-solid-state battery. In the future, in order to reach
an ideal solid state electrolyte that can work at room temperature with a reasonable
conductivity, mechanical and electrochemical properties, the inorganic-polymer
composite solid state electrolyte will be synthersized and optimized, the ALD method
will be directly applied to the surface of the obtained solid electrolyte to suppress the
undesirable side reactions with the electrode, the thermal, mechanical, and
electrochemical performance will be performed and the related improvement mechanisms
will be explored and discussed.
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